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PREFACE 


It is only natural, man’s curiosity being what it is, that he attempts to 
learn something concerning the nature of life and of other organisms 
around him. Many studies have centered on the bacteria, forms of life 
so small as to be barely visible under the microscope yet at the same time 
capable of producing extensive changes in their environment, changes 
either beneficial or harmful to man. Information concerning the nature 
and activities of the bacteria and related organisms is so voluminous that 
no attempt is made to summarize it in this introduction to the bacteria, 
but instead the field of bacteriology is surveyed in such a manner as to 
introduce the student not only to descriptive bacteriology but also to the 
modern concepts of the how and the why of bacterial behavior. The 
presentation necessitates the omission of much descriptive matter con- 
cerning individual families of bacteria, this material being illustrated by 
a brief consideration of only one family, the Enterobacteriaceae, and its 
more commonly studied constituent species. Additional information re- 
garding individual species can be obtained in the laboratory or in refer- 
ence works. 

Bacteriology has progressed from a primarily descriptive science to one 
in which serious attempts are being made to interpret the bacteria and 
their behavior on the basis of modern biological, physical, and chemical 
concepts. In particular, in recent years the application of biochemical 
principles to the study of the bacteria has considerably enriched our 
understanding of these organisms. This book isthe result of endeavors 
over many years to digest and to condense for the general student the 
concepts of the what, the how, and the why of bacteria and bacterial 
activity in as simple and brief a presentation as appears to be consistent 
with the development of a fundamental understanding of the bacteria 
and related forms of life. Such a presentation involves biochemistry to 
an extent which at times may appear beyond the grasp of the general 
student; yet the author has found that the student can understand such 
concepts as the reactions involved in alcoholic fermentation if they are 
presented as an orderly mechanism involved in the respiratory activity 
of many forms of life, and not as a series of reactions and formulas to 


be memorized. 
vii 


will PREFACE 
The contents of Chapter 8 are intended to serve as a general introduc- 
bolic activities of the bacteria and related microorgan- 
an aes Suen treatment of a complex subject could be sufficient 
Mee introductory course in general bacteriology. Chapter 9, see 
mechanisms of respiration, is presented primarily as reference material. 
The somewhat advanced biochemical treatment employed in the read 
is designed to give the student a more fundamental picture of the c vee 
cal activities of the bacteria. As much, or as little, of this material can 
be employed by the instructor as he deems essential for the development 
of his plap or presentation. Omission of Chapter 9 as required reading 
matter wéuld not seriously handicap the development of the subject 
matter which follows. In either the simplified or the more complex plan 
of treatment of metabolism employed in this text, as well as in other 
considerations of the bacteria in the remaining chapters, emphasis is 
placed on principles rather than on details concerning the bacteria and 
their behavior. . 

Once an understanding of the general principles of bacteriology has 
been developed, the student who is interested in any of the diverse fields 
of this science can utilize the more detailed descriptions of species, genera, 
and higher groups found in the larger general or specialized texts, mono- 
graphs, and review articles. On the other hand, the general student can 
become familiar with the bacteria and their activities without being 
burdened by a welter of detail important to the specialist. Bacteriology 
becomes a dynamic rather than a static science with concepts subject to 
change as data accumulate, or as old data are reinterpreted on the basis 
of advances in our thinking. Unsettled problems, as well as the estab- 
lished ones, are presented from different viewpoints when possible to 
illustrate the dynamic nature of modern bacteriology. It is well for the 
student to realize from the start that not only do the bacteria vary but 
also man’s concepts of the bacteria and their behavior are subject to 
change. Variations also exist in individual interpretations of the phe- 
nomena presented by these microbic forms. 

I wish to thank my colleagues for their assistance, criticism, and advice 
and at the same time to relieve them of any responsibility for the final 
selection of the material presented and the manner of presentation. My 
apologies and thanks are extended to former students who served as 
“guinea pigs” in the development of the latter. My thanks are also 
extended to those numerous workers who have been involved in the col- 
lection and interpretation of information presented herein and to the 
various authors, publishing houses, and commercial firms who have so 
generously made available to me illustrations of bacteria and other matter 
pertinent to a study of the bacteria and their behavior. 


Reference is 
given to the source of each borrowed illustration in its a 


ccompanying 
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legend. The bibliography is limited primarily to recent original articles 
and to reviews on particular topics or groups of bacteria. This book has 
been thoroughly revised and corrected where necessary to bring it up to 
date. Obsolete material has been deleted and additional topics are in- 
cluded to illustrate aspects of microbic activity not covered in the first 
edition. 

C. E. Clifton 
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INTRODUCTION TO THE BACTERIA 


On all sides, microbes, or microorganisms, surround us and make felt 
their influence for good or evil. Some are benefactors, and without their 
activities in nature, life as we know it could not exist; others are agents of 
infection and death. Microbes (micros, small; bios, life) may be defined 
as forms of life too small to be readily visible with the naked eye whose 
distinguishing characteristics become evident only with the aid of a 
microscope. Widely diverse organisms are included under the general 
term microorganisms; some of these are plants, others animals; some are 
composed of a number of cells, others are unicellular forms of life. They 
differ greatly in structure and in mode of life, their main common char- 
acteristics being their small size and apparently simple structure. 

Microorganisms vary markedly in size from species to species; on one 
side we find microbes such as the molds which are visible to the eye; at 
the other extreme, cells so small as to be resolved only with difficulty 
under the best microscopes. At the lower limits it is difficult to ascertain 
the border line between animate and inanimate matter, at the upper 
limits between microbes and the higher forms of life. However, we shall 
find that many other properties used in describing microorganisms can be 
no more accurately defined. Bacteria, the microorganisms which we will 
consider in most detail, are near the lower limits of microscopic visibility. 

Various bacteria were observed as early as 1676, but actually the science 
of bacteriology had its beginnings only about ninety years ago. Before 
1860 bacteria were mainly of interest to microscopists and to those who 
cared to speculate about the nature of these small forms of life. One 
important question in this period of speculation concerned the origin of 
bacteria and other microbes: Did they always develop from their own 
kind or could they arise spontaneously? Experimental methods were 
crude, and reliable observations few and far between, but the contro- 
versies they engendered stimulated interest in the microbie world. It 
became a field fertile for study, and in the period around 1860 to 1880 
the foundations of the science were laid by the great French scientist 
Louis Pasteur in his studies on the activities of bacteria. With awaken- 
ing interest in the study of bacteria, of what they do and what they are, 
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more reliable information became available, techniques were developed 
and improved, particularly by the German school headed by Robert 
Koch, and around 1880 bacteriology entered the modern period of growth 
and development. It emerged as a science in its own right with interests 
connected with all aspects of our own life and of the animate and inani- 
mate world upon which we are dependent. Let us trace the early devel- 
opment of this science before we proceed to a consideration of the bacteria 
as such. 

The Discovery of Bacteria. During the latter part of the seventeenth 
century there lived in Delft, the Netherlands, an inquiring amateur scien- 
tist, Anthony van Leeuwenhoek. In his day it was not yet entirely safe 
to be too inquisitive about the life that surrounds us, yet in his spare time 
Leeuwenhoek ground lenses and constructed simple microscopes with 
which to pursue his hobby, the observation of the structure and form of 
both living and dead matter. His microscopes were crude compared with 
modern instruments, but they yielded clear images with sufficient magni- 
fication to unfold to his observing eyes a new universe. 

Under his microscopes Leeuwenhoek observed the structure of striated 





Fig. 1-1. Anthony van Leeuwenhoek, the father of bacteriology 
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muscle, of nerves, and of the crystalline lens and retina of the eye; he 
observed the spermatozoa, the red blood corpuscles and their circulation 
in the capillaries, and a variety of microorganisms. A number of micro- 
organisms had been observed prior to the observations of Leeuwenhoek, 
but he saw and accurately described for the first time numerous forms of 
microbic life. His insatiable curiosity led him to continue his observa- 





Fic. 1-2. Diagram of a Leeuwenhoek microscope. (From C. Dobell, “Antony van 
Leeuwenhoek and His ‘Little Animals,” John Bale, Sons and Danielsson, Ltd., 
London, 1932.) 


tions on all things surrounding him, and in a long, gossipy letter to the 
toyal Society of London in 1676 he described, along with other microbes, 
animalcules or wee small beasties we now recognize as bacteria. 

One day he was examining pepper grains in the hope of finding what 
imparted the biting taste to pepper, but without success. To render the 
grains easier to handle, he soaked them in water and later observed a drop 
of this pepper infusion under the microscope. It was teeming with wee 
forms, smaller than he had ever seen; forms so small he estimated that 
100 of these apparently tiny bits of life would not be as long as a grain of 
sand, or that they were more than 1,000 times smaller than the eye of a 
louse. These were his units of measurement in the study of microbic life. 
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Other equally minute organisms were observed in drops of stagnant water. 
Some doubt exists whether Leeuwenhoek really described bacteria in 
this letter, but there is no doubt that he had observed bacteria when in a 
letter of 1683 he not only accurately described but pictured (see Fig. 1-3) 
as well the three main morphological groups known today, the cocci, the 
rods, and the spiral forms. In this and in later letters he also reported 
that many of these forms were actively motile, that their numbers rapidly 
snereased under favorable conditions, and that they were widely distrib- 
uted in nature and could be de- 


J: a stroyed by heat (few motile organ- 
dg = goeD isms could be observed in scrapings 
etole from his teeth after partaking of 

le: very hot coffee while many were 
fy Be present at other times). Truly 


Leeuwenhoek can be considered as 

o/'9: G. wu the “father of bacteriology” if not 
“father of microbiology” itself. 

Bacteria and the Theory of 

Spontaneous Generation. Early in- 


AE - ——— terest in bacteria centered to a con- 
———— siderable extent around arguments 
= concerning the possibility of the 
Fic. 1-3. Leeuwenhoek’s drawings of bac- spontaneous origin of life. To un- 
teria, 1683. (From C. Dobell, “Antony derstand these arguments better, it 
van Lee uwenhoek and His ‘Little Ani- ig desirable to develop a general 
mals,” John Bale, Sons and Danielsson, ; 
Lid, London, 1932.) background of so-called “evidence” 
in support of such a hypothesis. 
Hundreds of years ago everyday experience gave “irrefutable evidence”’ 
that the sun moved around the earth. The casual observer saw that the 
sun arose in the morning, moved through the sky, and that night fell 
when the sun passed out of sight and was replaced by day again when 
the sun had supposedly completed its movement around the earth. “Evi- 
dence” of a similarly faulty nature pointed to the conclusion that under 
favorable conditions living things originate from lifeless matter. One 
day a plant, an animal, or an insect appeared where there was no evidence 
of its presence the day before. This was a “fact” so obvious that there 
was no need for a detailed study of the phenomenon. As early as 600 B.c. 
es of is = Rann ee that living things could origi- 
ate from amorphous slime under >] e . : ; 
Other Greek ohitseanie held cate ea oe Sipe 
| ) f s, should be borne in 
spe ie pian te ds ee fitted in with their 
A | y sk 1e early philosophers simply 
conceived the entire universe to be living. 
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The views developed by Aristotle (384-322 z.c.) influenced scientific 
thought for many centuries. He postulated that living things are pro- 
duced by the union of some passive principle, “matter,” and an active 
principle, “form,” this form being the soul of living things. Matter or 
substance by itself is devoid of life but is vivified by the energy of the 
soul. The soul is present in varying amounts in the elements—earth, 
water, air, and fire (heat)—of which living things are made, and their 
relative amounts control the nature of the life endowed by the soul. Thus, 
the earth endows plants, water aquatic animals, and the air terrestrial 
forms. The form of living things originating from their like depends upon 
“animal heat,” but the form of those arising spontaneously from matter 
depends upon the sun’s heat. Slime and decaying matter might possess 
some soul but do not of themselves produce living organisms, the fructify- 
ing influence of rain, air, and heat being required for the spontaneous 
generation of life. 

Aristotle’s teachings profoundly influenced the fathers of the Christian 
church and led to the acceptance of the theory of spontaneous generation 
by the church. To disbelieve then was to doubt.the authority of the 
church. Basilius (315-379) taught that the earth originally produced 
plants and animals by the command of God and that this ability has been 
retained in full force; hence plants or animals may originate spontane- 
ously from the earth. Saint Augustine (354-430) reasoned that God 
usually makes wine from water and earth by way of grapes but, as was 
done by Jesus on occasion, can dispense with the grapes and make wine 
directly from water. In like manner in the case of living creatures He 
ean cause them to be born either from seed or from matter containing 
invisible seed. Thus the will of God may interfere with the normal 
sequence of events and be manifest in the spontaneous generation of life. 

The medieval ‘scholars corroborated the “facts” described by Aristotle 
of the origin of living creatures from decaying matter and supplemented 
these with fantastic observations or experiments of their own. In the 
seventeenth century observation of natural phenomena became more 
exact, but the concept of spontaneous generation was still in favor. For 
example, the famous alchemist and physician van Helmont left the fol- 
lowing recipe for the spontaneous production of mice: “Place a dirty shirt 
in a vessel containing wheat and after twenty-one days’ storage in a dark 
place, to allow fermentation to be completed, the vapors of the seeds and 
the germinating principle in human sweat contained in the dirty shirt will 
generate live mice.” Strange to say these mice appeared to be replicas 
of natural mice arising from their parents! 

Belief in the possibility of the spontaneous origin of the larger forms 
which bear their young alive began to weaken about this time, but faith 
in the spontaneous origin of the wee forms of life continued. Decaying 
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meat could, together with air and warmth, give rise to small white worms. 
The famous Italian physician, Redi, in 1668 exploded this idea when he 
demonstrated that these worms were nothing but fly larvae. By placing 
a screen of muslin between the meat and flies in the environment, he could 
show that although air did circulate freely and that the meat decomposed, 
yet no worms appeared. Worms developed in the meat when the flies 
were allowed to deposit their eggs thereon. He concluded that decaying 
matter merely offers a nest for the eggs and a suitable medium for their 
development but that the deposition of the eggs 1s a necessary preliminary 
event. Redi was unable to prove that still smaller forms of life could not 
originate spontaneously. 

About this same time Leeuwenhoek was describing the world of living 
creatures invisible to the naked eye. He found that it was only necessary 
to place readily decomposable substances in a warm place for them soon 
to be teeming with wee beasties. If nota critical observer, one could see 
before one’s eyes living matter originating in the decoctions. It is to 
Leeuwenhoek’s credit that he did not’entertain this view but supposed 
that they arose from animals already present in the material, in the con- 
tainer, or in the air in contact with the material. Leeuwenhoek was more 
interested in observing than in experimenting with such material, and it 
is to his follower, Joblot, that we owe the observation that such infusions 
teeming with microorganisms would no longer give rise to additional ones 
if boiled for 15 min. and stored in a closed container. When the cover of 
the container was removed, the infusion on standing once again quickly 
swarmed with microorganisms. 

The French biologist Buffon and the Welsh priest Needham maintained 
that life can originate spontaneously in flasks of mutton gravy or other 
infusions which had been boiled and stoppered while still hot. An Italian, 
Lazzaro Spallanzani, in 1765 criticized these experiments, maintaining 
that Needham’s vessels and their contents were not heated long enough 
and that they were not hermetically sealed by the corks employed for the 
purpose. He believed that air mechanically carried the germs of micro- 
organisms and reported that when the soups were sufficiently heated and 
the flasks hermetically sealed, living forms did not appear. 

Needham did not believe that he heated his liquids too little but rather 
that Spallanzani heated his too vigorously and thus destroyed a special 


creative force conceived to exist in the infusions. Needham contended 


that a special vital force exists in every organic molecule and supported 
Buffon’s concept that living matter is composed of vitalized organic mole- 
cules which do not change but instead unite with each other in kaleido- 
scopic combinations to give rise to new forms of life. When a died 
organism undergoes decomposition, its individual existence comes to an 
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Fig. 1-4. Portrait of Lazzaro Spallanzani, Fic. 1-5. Theodor Schwann, father of 
the cellular theory. 


end, but the molecules of which it-was composed may recombine to form 
new living organisms. 

Could it be that once a sterile vial of Spallanzani’s soup was opened, it 
soon teemed with life because a vital force entered from the air and the 
creation of life became possible? The French chemist Gay-Lussac dem- 
onstrated that oxygen was lacking in vessels sealed while hot after their 
contents had been boiled. He also devised experiments to show that 
oxygen was necessary for life, taking part in respiration as had previously 
been suggested by Priestley and by Lavoisier. Experiments were devised 
to refute the presence of a vital force in air. In 1836 Theodor Schwann, 
the founder of the cellular theory, passed air through a heated tube into 
bouillon which had been boiled and demonstrated that spontaneous gen- 
eration did not occur in the soup exposed to air which had been heated. 
Schulze in the same year conducted similar experiments but passed the 
air through strong acid rather than through a hot tube and obtained sim- 
ilar results. Proponents of the idea of a vital force in air claimed that 
heating or strong acids could destroy this force and hence spontaneous 
generation could not occur in the broths. In 1853 Schroeder and von 
Dusch simplified the experiment by filtering the air through sterile cotton 
which retained any dirt and microorganisms present in the air and yet 
subjected it neither to harmful chemical agents nor to heat. This study 
led to the present-day use in culture tubes of cotton plugs to permit free 
access of air to the cultures while at the same time preventing or greatly 
retarding contamination of the culture by other organisms. 
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In spite of the fact that these experiments tended to disprove the pos- 
sibility of spontaneous generation, yet for some inexplicable reason ml- 
crobes did occasionally appear in large numbers in some of the culture 
vessels. We know today that these failures were due to improper steril- 
zation, to faulty vessels or plugs, and at times to the presence of bacterial 
spores, some of which can eerminate even after many hours’ exposure to 
boiling water. Actually the high degree of resistance of bacterial spores 





Fic. 1-6. Ferdinand Cohn, discoverer of the Fic. 1-7. Louis Pasteur, the founder 

heat resistance of the bacterial endospore. of modern bacteriology. (Portrait by 
E. Montgomery, courtesy of Central 
Scientific Co.) 


to boiling did not become evident until 1877 when Ferdinand Cohn ob- 
served that the hay bacillus (Bacillus subtilis) formed small refractile 
bodies, endospores, which were heat-resistant and which could germinate 
and give rise to a new vegetative cell. 

In an extensive work of over seven hundred pages, Pouchet in 1859 
tried to show that spontaneous generation does occur, and he attempted 
to develop further the vitalistic theory of autogeneration formerly ad- 
vanced by Needham and Buffon. The French Academy of Sciences 
offered a prize for exact and convincing experiments which would solve 
the problem. The prize was awarded in 1862 to Pasteur, who in a series 
of brilliantly executed experiments demonstrated that life did not origi- 
nate spontaneously in various infusions and solutions of organic matter 
properly sterilized and protected from outside contamination. 

Pasteur demonstrated the widespread distribution of microorganisms 
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in the air and concluded that air-borne microorganisms are a chief source 
of microbie contamination of fruit juices, broths, meat, vegetables, and 
various other foodstuffs. One of his experiments consisted in sterilizing 
broths in flasks with necks pulled out in the form of a letter S in a hori- 
zontal position. In these goosenecked flasks there was direct contact of 
the culture fluids with the outside air, but dust and germs in the air settled 
out in the bent portions of the neck and therefore the fluids were protected 
against contamination and remained 
sterile. A modern version of the 
Pasteur goosenecked flask is shown 
in Fig. 1-8. This flask and its con- 
tent of nutrient broth were sterilized 
in 1942 and have stood on an open 
shelf in the. laboratory of the author 
since that date with no evidence of 
bacterial or other microbie growth. 

Since the air in the goosenecked 
flasks was not heated, filtered, or 
subjected to chemical treatment, 
there was no chance for a vital force 
to be altered or destroyed. Further- 
more the broths were capable of sup- 
porting heavy growths of micro- 
organisms, and it was only necessary —Fyq, 1-8. Photograph of a modern torm 
to run some of the broth from the of the Pasteur goosenecked flask ex- 
flask onto the dust in the outlet tube posed to the air in the author’s labora- 

. : tory for several years without contami- 
and then back into the flask again pation. 
and in a matter of hours the broth 
would be teeming with microscopic life. These experiments, together 
with semiquantitative ones showing the prevalence of microbes in the air 
over dusty areas and their scarcity in high altitudes, finally refuted the 
theory of spontaneous generation. The studies of Cohn on bacterial 
spores and of Tyndall on the absence of microorganisms in optically void 
air contributed to the final proof that organisms do not originate spon- 
taneously in ordinary laboratory media. 

From our present point of view this long controversy is hard to under- 
stand. But the belief in spontaneous generation is not entirely dead, 
and from time to time new “evidence” appears. After Pasteur’s time the 
theory of spontaneous generation was resurrected for the origin of filtrable 
viruses, submicroscopie agents responsible for various infectious diseases 
of plants and animals. All evidence points to the improbability of life 
originating spontaneously from molecules chaotically dispersed in the 
ordinary broths of the bacteriologist. Yet how did life originate? Is 
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spontaneous generation impossible? All we can say about the latter 
question is that no one has conclusively demonstrated that 1t can occur; 
our evidence is negative in that spontaneous generation has never been 
demonstrated conclusively; perhaps if the right conditions were provided, 
living things would appear. 

The controversy over spontaneous generation stimulated interest In 
the study of bacteria and other microbie forms, and in these studies one 
may trace the development of- modern methods for the observation and 
cultivation of the various organisms. But the interest went further than 
mere observation and cultivation of these forms, and students began to 
delve deeper into the mysteries of microbie life. 

Fermentation. What are bacteria and what do they do? This ques- 
tion was a perplexing one for many years, and while we now know that 
they are to a great extent responsible for decay, fermentations, disease, 
maintenance of soil fertility, and numerous other activities in nature, it 
was only a little over one hundred years (1836) ago that Schwann, 
Cagniard-Latour, and Kutzing independently proposed that fermenta- 
tion is brought about by the activities of yeast cells. Before this time 
it was believed that fermentation was a natural decomposition of sugar 
in fruit juices and that fermentation may give rise to, rather than be 
caused by, microorganisms. The famous German chemist Liebig main- 
tained that fermentation is a spontaneous process induced by unstable 
molecules in the fluid and that microorganisms may appear in the fer- 
menting liquid since they are simply bits of loosely organized organic 
matter. Schwann’s concept of fermentation gave rise to a bitter dispute 
between his followers, who supported the biological nature of fermenta- 
tions, and those of the chemical school headed by Liebig. The toncept 
that microbes are the causative agents of fermentations became more 
firmly entrenched as a result of Pasteur’s studies on the “diseases” of 
wine and beer. 

In 1848 Pasteur discovered that tartaric acid exists in two crystalline 
forms, one being the mirror image of the other. He could pick out the 
two crystalline types from a mixture, and he observed that when these 
forms were dissolved separately, one solution rotated the plane of polar- 
ized light to the left, the other to the right, while a mixture of the two in 
equal amounts had no apparent influence on polarized light. Ten years 
later he made the important observation that a microorganism (probably 
. Ree eee i : a solution of ammonium tartrate utilized 

cates ac Hy ite ‘ ule it did not attack the crystalline form 
ne memes W = 1 In solution caused the plane of polarized light to be 
Inasmuch as these two crystalline materials were chem- 
ically the same and apparently differed only in crystalline structure, 
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Pasteur came to a realization of the remarkable specificity_exhibited by & 
microorganisms in their attack on organic matter. 

Actually Pasteur developed an interest in fermentation at an earlier 
date, and his first paper on the production of lactic acid appeared in 1857. 
He noticed that a grayish material which appeared in solutions of sugar 
undergoing lactic acid fermentation ' was composed of minute globules or 
very short rods and that the fermentation could be induced by transfer- 
ring some of'this material to fresh solutions of sugar. The process could 
be repeated in series, and Pasteur concluded that this “new yeast” was 
an organized living cell and that its action on sugar was essential for its 
development. Fermentation of sugar did not occur when the solutions 
were heated and the ingress of contaminated air prevented, nor did lactic 
acid—producing organisms develop. 

In 1861 he turned his attention to the butyric acid fermentation and 
noted that this occurred in the presence of cylindrical rods.“ These bac- 
teria were motile in the central portion of a drop of the fermenting liquid 
but ceased to exhibit motility at the edge of the drop in contact with air. 
To an inquiring mind this raises the question—is air inimical to the bac- 
teria? 2 Pasteur was able to demonstrate that oxygen of the air was the 
agent inhibiting the activity of this organism. He discovered other or- 
ganisms that could live without oxygen and in 1863 proposed that the 
terms aerobic and anaerobic be employed to designate cells which require 
air and those which do not, respectively. In 1866 he published his famous 
work “Etudes sur le vin,’ in which he showed that the spoilage of wine -~ 
was due to the activity of microorganisms that elicited undesirable fer- 
mentations with the production of unpleasant odors or tastes in the wine. 
Pasteur was able to show that the undesired fermentations, or “diseases,” 
of wine could be prevented by heating the wine at 55 to 60°C. after it was 
bottled, a process now known as pasteurization. These studies on diseases 
of wine led to the next logical step, the demonstration that diseases of 
living organisms can also be caused by undesirable microbie forms of life. 
This will be considered in a later chapter. 

The demonstrations that microorganisms are the cause of fermentations 
and of infectious diseases—the latter idea strongly supported by the 
etudies of Koch—and the arguments which Pasteur could so ably advance 
in support of his concepts firmly established the theory that living organ- 
ized cells are responsible for a variety of both desirable and undesirable 


1 This terminology implies that the substance for which the fermentation is named 
is either the main or the most characteristic product rather than being the substance 
fermented. 

2 Actually Pasteur believed that these organisms were small animals and named 
them Vibrion butyrique. Throughout his studies his main interest was in the process 
rather than in an exact description and classification of the causative agent. 
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changes in living and dead matter. The interest in bacteria engendered 
by the observations of Leeuwenhoek and other microscopists and by the 
controversies over spontaneous generation was greatly enhanced by the 
studies of Pasteur, Koch, and their followers. Many investigators became 
interested in studying the nature of bacteria and their activities. This 
led to the development of modern bacteriology. Before we consider the 
major characteristics of bacteria and 
of bacterial action let us attempt to 
define the term bacteria. 

Definition of Bacteria. It is dif- 
ficult to define the bacteria accu- 
rately. Any definition if made too 
narrow would exclude many organ- 
isms commonly considered to be 
bacteria; if made too broad it would 
include microorganisms other than 
bacteria. First of all we might de- 
scribe them in a general way and 
then proceed to a workable defini- 
tion. The bacteria constitute a large 
group of typically unicellular micro- 
organisms placed in the class Schizo- 
_ mycetes (skiz-o-mi-se-tez, fission 
Fig. 1-9. Robert Koch, the father of spat 2 ee BES WISELY Oieeatencs 
medical bacteriology. in nature, being found in air, water, 

soil, the bodies of animals and 

plants, and in dead organic matter. They exhibit three characteristic 
shapes (see Fig. 1-10)—spheres, rods; and curved forms, commonly 
known as cocci, bacilli, and spirilla, respectively. A few are filamentous 
or mold-like in appearance. Some possess flagella, by means of which 
they move about in an aqueous environment; some others have an 
amoeboid-like type of locomotion. A definite nuclear body is rather dif- 
ficult to demonstrate, but chromatinie structures can be demonstrated 
within the protoplasm. Bacteria multiply rapidly by simple binary 
fission, although other types of reproduction may be observed in some 
species. Since they lack true chlorophyll, most bacteria are saprophytic 
or parasitic as regards their nutritional characteristics, but a few are 
autotrophic in character, obtaining energy from the oxidation of inor- 
ie ead eee  baacem are of the highest importance 
; a fe, many species converting complex organic com- 

pounds into inorganic ones or altering inorganic compounds, makin 
her available as food for plants. The primary role of the HOR; 
appears to be that of scavengers, but many are of more direct value 
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Fic. 1-10. Photomicrographs of cocei (upper left and right), rods (lower left), and 
spirilla (lower right). 


to man, while a few are responsible for various infectious diseases of 
animals and plants. 

If we take a somewhat middle position we can define bacteria as 
extremely minute, rigid, essentially unicellular organisms; free of true 
chlorophyll and generally devoid of any photosynthetic pigments; most 
commonly multiplying dsexually by simple transverse fission, the result- 
ing cells being of equal or nearly equal size. Let us analyze this defini- 
tion in terms of its constituent parts. 

To gain an idea of the. minute size of bacteria, consider Escherichia 
coli (Fig. 1-11), a bacterium commonly studied in the laboratory and 
the predominant organism in the intestinal tract of man. A typical cell 
of this species is rod-shaped and is approximately 2.0 » in length by 0.5 p 
in breadth, a » (micron) being 1/1,000 mm. or approximately 1/25,000 
in. Three hundred of these cells placed side by side would form a line 
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Fic. 1-11. Photomicrograph of Escherichia coli, approximately 1,000. 


about the width of the field of view in a student’s microscope equipped 
with an ordinary oil immersion lens and 10 eyepiece. Or it would 
require about 50,000 of these microorganisms placed side by side to form 
a line 1 in. long, while 625,000,000 would cover an area of only 1 sq. in. 
A cubic inch could contain 31,250,000,000,000 bacteria of the size of 
E. col. Hemophilus influenzae is approximately 0.2 by 0.5 p» in size, 
and therefore 125,000 cells side by side would form a line 1 in. long. To 
go on would soon lead us into figures of astronomical size! These minute 
organisms are generally observed with the aid of a microscope yielding 
an image nearly 1,000 times the linear size of the cell. Even then a 
single cell of E. coli appears to be but a speck, yet the average man 
magnified to the same extent would be about 1,500 ft. across his shoulders 
and 6,000 ft. tall. 

How are such minute forms of life so able at times to disrupt the activ- 
ities of man completely? Enormous numbers of bacteria per unit volume 
of their environment answer this question in part, but the ratio of surface 
area to mass appears to be of even more fundamental importance, since 
relatively enormous surface areas are involved. A man of average size 
weighs about 70 kg. and has a total surface area in the neighborhood of 
1.5 sq.m. The ratio surface area/weight in the case of man would be 
approximately 0.02 (1:50), while an organism such as E. coli with a sur- 
face of 0.000,004,5 sq. mm. and a mass of 0.000,000,000,5 mg. would have 
a surface area/weight ratio of 9,000 (9,000:1). Since the metabolic 
activities of cells appear to be controlled to a great extent by this ratio, 
we can readily see why bacteria are able at times to consume per hour an 
amount of foodstuff equal to or even greater than their own weight, a feat 
that the greatest glutton could never approach. When we consider that 
there may be 1 billion bacteria in a milliliter of a culture and that they 
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could possess a total surface area of 1,000 sq. cm., we can readily see that 
while the change produced by one cell might be insignificant, yet the total 
change produced by such a number of cells with such a large total surface 
area could be of considerable magnitude. Bacteria are approaching the 
size of dispersed particles in the colloidal state, and since the properties of 
colloidal systems are to a great extent controlled by surface forces, we can 
see why the relatively great surface area of bacteria as compared with 
their mass assumes such importance, influencing not only metabolic activ- 
ities but also other properties of cellular activity and behavior. 

With organisms so minute as the bacteria it is extremely difficult to 
determine the internal structure of the cells. Each species, under a given 
set of conditions, tends to maintain a rather definite size and shape. This 
led observers to postulate that bacteria possess a definite limiting mem- 
brane or cell wall which imparts rigidity to the cell. If the bacterial cell 
if motion strikes a solid body, it may bend to some extent, 1.e., 1t possesses 
a certain elasticity, but it tends to revert to its original form. Recent 
studies with plasmolyzed cells, with cells stained by special techniques, 
with the electron microscope, or with the aid of microdissection point to 
the existence of a definite, although very thin, cell wall. The cell wall 
imparts rigidity to most a of bacteria and is one characteristic of 
the bacteria which is more closely related to the vegetable than to the 
animal kingdom. 

We have defined bacteria as essentially unicellular organisms, and this 
appears to be true as far as function is concerned. In many species, 
particularly when the cells are in what is known as the smooth form, cell 
division occurs by constriction of the cell wall, giving rise to single cells. 
When the cells are in the rough form, cell division occurs by the formation 
of cross walls, which subsequently split. Cell division may proceed at 
a slower rate than the deposition of cell walls, and this gives rise to a 
multicellular state. The multicellular condition is difficult to recognize 
in ordinary stained preparations but is readily evident when cell-wall 
stains are employed (see Fig. 1-12). Such a multicellular state, some- 
times containing as many as twenty cells separated by septa and cross 
walls, has been observed in many species. In ordinary preparations, how- 
ever, most bacteria appear to be in a unicellular state. Some organisms 
included with the bacteria do give rise to filamentous, branching forms 
that are truly multicellular. 

The bacteria are classified as Schizomycetes in phylum I, the Thallo- 
phyta, of the plant kingdom. This signifies that they are fungi, and 
fungi are devoid of the chlorophyll of green plants. Certain bacteria, 
for example, the purple and green sulfur bacteria, do possess bacterial 
chlorophylls, photosynthetic pigments similar to the chlorophyll of green 
plants. The pigments allow these species to carry out types of photo- 
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Fic. 1-12. Cell wall stain of Bacillus megaterium. 


synthesis similar to, but not identical with, green-plant photosynthesis. 
However, the synthetic processes of the majority of bacteria are inde- 
pendent of light and in this respect are more closely related to the type 
of metabolism characteristic of the animal kingdom. 

We have considered that bacteria commonly multiply by simple trans- 
verse or binary fission. Certain species of bacteria may reproduce not 
only by binary fission but also at times by other types of reproductive 
processes, particularly by formation of filamentous growths which later 
fragment by branching or by budding. Reproduction by “gonidia,” 
sometimes of filtrable dimensions, has been reported in some species. 
Some of these methods may be sexual in character. Numerous obser- 
vations, generally unconfirmed, of true sexual reproductive processes 
amongst the bacteria have been reported. The most reliable evidence 
for sexual reproduction comes from studies on crossing over between 
biochemical mutants of a species (see Chap. 14). “Division of bacteria, 
however, most commonly occurs asexually and by simple transverse 
fission. 

Consideration of cell division raises the questions: Do bacteria possess 
a nucleus, and does it divide during multiplication of a species? This 
has been a much-debated problem in the history of bacteriology. Numer- 
ous claims of the demonstration of a nucleus have been disproved, but 
new claims have constantly appeared. Many biologists, reasoning a 
priori from the structure of other cells, insisted that bacteria must possess 
a nuclear apparatus, but in cells so minute it is extremely difficult to 
demonstrate satisfactorily the presence of a true nucleus. Other workers 
claimed that bacteria possess a rather vaguely differentiated central body 
analogous to the central body, or rudimentary nuclear apparatus (in- 
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cipient nucleus), of the blue-green algae. Still others claimed, on the 
basis of staining properties, that the bacterial cell as a whole is primarily 
a nucleus, either as such or more generally as a diffuse nucleus. Numer- 
ous recent observations (see Fig. 1-13 and Chap. 3) with improved stain- 
ing techniques, with the phase microscope, and with the electron micro- 
scope point to the existence of a nuclear apparatus in bacteria which 
under certain conditions can be demonstrated as a discrete nucleus. A 
few workers report that nuclear division occurs as in higher forms, mitotic 
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Fic. 1-13. Photomicrographs of the nuclear structures of a variant of Bacillus anthracis 
under the phase microscope and in a stained preparation, 


figures and so on being reported. This point, however, is still open to 
debate. 

General Methods for the Study of Bacteria. We have described and 
defined bacteria as extremely minute, rigid, essentially unicellular or- 
ganisms; free of true chlorophyll and generally devoid of any photosyn- 
thetic pigments; most commonly multiplying by simple transverse fission, 
the resulting cells being of equal or nearly equal size. Such a definition 
has its merits as well as its faults, but will serve as a starting point for 
further consideration of the bacteria. We shall investigate, as we go 
along, the types of organisms which are roughly grouped together as 
bacteria and attempt to picture what they are and what they do— 
together, as far as possible, with a consideration of the how and why 
of microbial behavior. ; 

First of all let us consider how we proceed in the general study of 


bacteria. One of the first observations we make is of the type of growth 
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exhibited by the species under consideration in liquid and on solid media. 
Some bacteria grow only at the surface of nutrient broth, forming a film 
or pellicle; others grow diffusely throughout the fluid, while many settle 
out of suspension readily, sometimes giving rise to sticky masses of cells. 
If individual viable cells are well separated on the surface of nutrient 
agar they give rise to distinct masses of growth known as colonies (see 
Chap. 11). The size, shape, color, and appearance of the colonies under 
the microscope may give some clue as to the identity of the organisms. 
But before final species identification can be established, it is frequently 
necessary to determine some of the physiological activities (type of 
material used as food or products produced therefrom) and even pro- 
teinaceous components (antigenic structure, see Chap. 22) of the cells. 
Before we proceed to considerations of these various procedures we should 
define certain terms and consider the more general methods employed in 
the study of bacteria in the laboratory. 

One of the first observations of bacteria made by the beginning student 
in the laboratory is of the appearance of the cells under the microscope, 
both in their staining characteristics and general morphology. In the 
latter, one looks (Fig. 1-14) to see if the cells are spherical, rod-shaped, 
or curved. In addition, typical arrangements of the cells can be noted 
with many species, primarily as a result of their characteristic pattern 
of division. We have seen that division of bacteria appears to occur in 
either or both of two ways: the cell may constrict in the middle, thus 


Rare 


Fig. 1-14. Photomicrograph of a mixed smear of rods, cocci, and spirilla. 
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pinching itself into two parts, or a cell wall is deposited transversely 
across the cell and this cell wall ultimately splits lengthwise. Once the 
cell wall has been formed the two cells may separate completely, or, 
particularly if the second type of division occurs, the cells may remain 
more or less firmly attached to each other. In the latter case the cells, 
particularly of the spherical bacteria, will show definite, characteristic 
groupings on microscopic examination. 

Division of the spherical bacteria, while theoretically possible in any 
plane through the center of the cell, generally occurs in a definite plane or 
planes characteristic of a given species. When the cells remain attached 
after one cell division but separate before the next division is completed, 
the majority of the cells will be observed to be grouped in pairs. Cells 
characteristically showing this arrangement are known as diplococa. If, 
on the other hand, the cells tend to remain attached to each other through 
several divisions, they will be arranged as chains of cocci. When the 
majority of the cells are arranged in chains consisting of four or more 
cocci, they are spoken of as streptococct. Such coeci may appear to be 
somewhat elongated. 

In other species of cocci, popularly known as tetrads, cell division occurs 
in two planes at right angles to each other forming a characteristic group- 
ing of four cells arranged in a square. In other species division can occur 
in three planes at right angles to each other, giving rise to cubical packets 
of eight cells, the sarcinae. Finally cell division may occur at any angle 
through the center of the cocci giving rise to conglomerates of cells fre-| 
quently appearing as grape-like clusters, cells showing this arrangement 
being commonly known as staphylococct. 

Amongst the rod-shaped bacteria we find a few species characteristi- 
cally arranged in pairs, the diplobacilli, or in chains, the streptobacilli, 
but the majority of species occur as free, independent cells. Observation 
of the arrangement of cells in stained smears is of considerable value in 
the identification and classification of the cocci; it is of little value with 
the rod-shaped bacteria and generally of no value with the curved forms 
which appear to separate immediately after division. In ordinary stained 
preparations of some species, clear areas will be evident in many of the 
cells. These generally represent endospores and should be looked for at 
the time one observes the general morphological appearance of the cells. 
In some cells these areas may represent deposits of lipids and it may be 
necessary to use specific fat or spore stains for identification. 

The curved forms of bacteria may be roughly classified into two general 
morphological groups, the vibrios and the spirilla. The vibrios are but 
slightly curved and usually show only a single turn, somewhat resembling 
a comma in appearance. The spirilla are more markedly twisted than 
the vibrios, forming at least S-shaped cells; many species exhibit an even 
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more twisted structure. Some of the spirilla resemble the Spirochaetales, 
forms intermediate between the true bacteria and the Protozoa, which 
possess a definitely spiral or coiled structure and are flexible rather than 
rigid cells. 

In the next chapter methods for the observation of bacteria under the 
microscope will be discussed. Since we have defined and described bac- 
teria in general terms, we should also define certain other terms and con- 
sider the more general cultural methods commonly employed in the study 

of bacteria in the laboratory. Ob- 

. ‘ servation of bacteria under the mi- 
croscope is of value in the study of 
these minute forms of life, but much 
of our information comes from 
studies of their behavior in cultures. 
A culture may be defined as the 
growth of microorganisms in or upon 
a suitable nutrient medium. The 
majority of bacteria can be culti- 
vated in nutrient broth, which is 
primarily an aqueous extract of 
meat frequently enriched with pep- 
tones (products of partial hydrolysis 
of proteins), with extracts of yeast 
Fic. 1-15. Photomicrograph of Rhodo- aioe pads ica eae ages, = 
spirillum rubrum, a facultatively photo- substances supply certain nutrients 
synthetic spirillum. (foodstuffs) and other complex sub- 

stances (vitamins) needed for the 
growth of those organisms with fastidious or complex dietary require- 
ments. On the other hand, a limited number of bacteria will grow in a 
purely inorganic culture medium. 

A pure culture consists of only one species of microorganism growing 
in or on the culture medium. Pure cultures are seldom encountered in 
nature, and the bacteriologist must separate the mixed population into 
its separate components or isolate the organism desired for study from 
the other organisms associated with it. This is generally done by streak- 
ing a bit of the material, held on a previously sterilized inoculating 
needle, over the surface of nutrient agar, giving rise to what is known 
as a streak plate (see Fig. 1-16). Nutrient agar consists essentially of 
nutrient broth to which sufficient agar has been added to produce a semi- 
solid material which resembles a rather stiff jelly. Instead of streaking 
the surface of the agar with bacteria, they may be mixed with molten 
nutrient agar (from here on these nutrient media will be referred to 
simply as agar or broth) and the mixture poured into a sterile dish where 
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Fic. 1-16. Streak and pour plates showing how bacteria can be separated from each 


other and give rise to separate colonies. 
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‘t is allowed to solidify (pour plate). The purpose of pour or streak 
plates is to separate the various organisms mechanically and thus & 
permit, as far as the limitations of the methods allow, each cell to grow 
by itself. On standing, many of the organisms will multiply and give rise 
to characteristic growth, or colonies. When these colonies are well sepa- 
rated, it is generally found that each one is composed of an individual 
species of bacteria. Representative colonies may be picked (fished) from 
the agar by means of a sterilized needle and again streaked on agar to 
determine if only one type of colony or organism was present in the parent 
colony. Microscopie examination is also of aid at this point in the deter- 
mination of the purity of a colony. Also microscopic methods have been 
developed for the isolation of single cells and their transfer to nutrient 
media for the establishment of pure-line cultures, cultures derived from 
a single cell. \ 

Once an organism has been obtained in pure culture, it can be main- 
tained as such either in broth or on agar slant cultures. Slant cultures 
are cultures in which the organisms are growing on the inclined surface 
of a solid medium such as agar, gelatin, coagulated blood, or slices of 
vegetables such as potatoes or carrots in a test tube. These slanted media 
are generally inoculated by streaking the surface of the medium in such 
a manner as to obtain heavy growth of the organism. The advantage of 
slant cultures is that a relatively large area of culture medium exposed to 
the air may be obtained in the small volume of space occupied by the test 
tube. Needless to say, all nutrient media must be free from living organ- 
isms before they are employed for the cultivation of pure cultures and 
must be handled in such a way as to prevent the entrance of organisms 
other than those under study. The cotton plug in test tubes and flasks 
of media serves as a mechanical barrier to prevent the entrance of or- 
ganisms from the external environment and was developed, as was just 
considered, from studies on spontaneous generation. 

A few microorganisms do not grow readily, if at all, when exposed to 
the air. These organisms may grow if the oxygen of air is removed from 
the culture vessel by mechanical or chemical means. One simple way of 
obtaining growth of organisms in the absence of air is to prepare shake or 
stab cultures. A stab culture is one in which the organisms have been 
inoculated in the depths of the solid medium by stabbing the medium to 
a depth of at least 2 in. with a needle bearing some of the desired organ- 
isms. A shake culture is one in which the organisms have been added to 
a test tube containing the molten medium and thoroughly mixed with it 
before it solidifies. Organisms (aerobes) which require oxygen will grow 
on or near the surface of stab or shake cultures; others (anaerobes) to 
which oxygen is harmful will grow only in the depths of the me 


| | dium; 
still others (facultative anaerobes) will grow throughout the medi 
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Fic. 1-17. Photographs of (A) stab, (B) slant, and (C, D) broth cultures of bacteria. 
Growth is profuse throughout C but occurs primarily as a film or pellicle on the sur- 
face of the broth in tube D. 


Once an organism is obtained in pure culture and its morphology and 
staining properties are ascertained, the next step in its identification is a 
study of its physiological activities. This is made by adding a desired 
test chemical to the medium or fluid in which the cells are to be grown 
and determining whether or not and in what manner the substance is 
utilized by the cell. For example, one organism may utilize a sugar such 
as sucrose (cane sugar) as a source of energy, and under anaerobic condi- 
tions (absence of oxygen) ferment it with the production of acids which 
can be detected with the aid of a hydrogen-ion-concentration indicator. 
A second organism may ferment sucrose with the production of both acid 
and gas, the latter being detected by its displacement of broth in a small 
tube inverted in the larger culture tube or as bubbles produced in a stab 
or shake culture. A third organism may not be able to utilize the sugar 
as a food, and hence no acid or gas is produced. Thus we have a means 
(see Fig. 1-19) of identifying these three organisms which in colony form 
and structure and under the microscope may appear so alike as to render 
their identification impossible. The ability of organisms to utilize other 
sugars, alcohols, and amino acids, or their production of specific products 
therefrom, increases the possibility of our identifying these organisms by 
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Fic. 1-18. Schematic illustration of shake cultures of different species of bacteria 
Organism A is an aerobe and grows only at the surface, B is a strict anaerobe growing 
only in the depths of the medium, and C, a facultative anaerobe, grows throughout 
the medium. The broken spaces in B and C indicate that gas is produced by these 
organisms under anaerobic conditions. 
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he 1 19. Schematic illustration of fermentation characteristics of different species of 
vacterla: — represents growth without acid production, + with acid. and the clear 
Space in one inverted tube represents gas formation. 
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the changes produced by pure cultures in nutrient culture media. Obser- 
vations of the morphology of the cells, of their staining properties, of the 
colonies they form on agar, and of the physiological or biochemical be- 
havior of pure cultures of bacteria are two important tools in the study, 
identification, and classification of these minute forms of life. 
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CHAPTER 2 


THE OBSERVATION OF BACTERIA 


The first step in the development of the science of bacteriology in real-~ 
ity dates from the invention around 1590 of the compound microscope, 
the origin of which is generally attributed to the Janssens, Hans and 
Zacharias, of Middelburg, the Netherlands. At the time of Leeuwen- 
hoek’s discovery of bacteria the compound microscope was such a crude 
instrument that Leeuwenhoek employed simple microscopes in his studies. 
With increased understanding of the optical principles involved, together 
with mechanical improvements and different types of lenses, the micro- 
scope was steadily improved. Great progress was made during the last 
century with the development of the water-immersion lens by Amici in 
1840 and his subsequent development of the oil-immersion lens in 1869; 
the substage condenser by Abbe in 1872 which provided better illumina- 
tion by bringing the rays of light into focus in the object under exami- 
nation; and the introduction by Abbe and Zeiss in 1886 of lenses that 
were fully color corrected (apochromatic objectives with compensating 
eyepieces). 


MICROSCOPY 


In our daily life we continually magnify objects without employing a 
lens. The letters on this page are illegible at a distance of 100 in., but 
they become easily readable when magnified 10 diameters by bringing the 
page 10 times closer. As you bring this book still closer, the letters are 
further magnified, but a limit is soon reached beyond which the letters 
become blurred. The eyes are unable to focus on an object which is held 
too close to them. When a simple microscope, a low-power convex lens, 
is placed at an appropriate distance between the eye and the object, the 
latter once again becomes clear and appears to be of greater size. The 
reading lens enables the eye to bring into focus the image of the object as 
formed by the lens. 

The compound microscope differs from the simple system just deseribed 
in that instead of making it possible to bring the object nearer the eye, an 
enlarged image of the object as produced the objective lens is brought 
nearer to the eye with the aid of the eyepiece lens. The eyepiece lens acts 
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as a simple microscope and thus makes it possible for the eye to focus at 

close distance upon the enlarged image of the object being examined. 
The approximate magnifying power, expressed as increase in linear 

size, is determined by multiplying the magnifying power of the eyepiece 





Fic. 2-1. ‘ine compouna microscope. (Courtesy of the American Optical Co.) 


(usually 10%) by the magnifying power of the objective. Thus, when 
used with a 10 eyepiece, the low-power (10), high dry (43x), and 


oil-immersion (97%) objectives give linear magnifications of 100, 480, 


and 970 diameters, respectively. 

One would think that with nearly perfect lenses it would be possible to 
employ compound microscope series with each other and thus obtain 
still higher magnifications, w h in turn would enable one to see still 
smaller objects. It is true, that such instruments have been built, and 
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they do magnify several thousand times, but objects smaller than those 
visible in the best ordinary compound microscope cannot be seen. The 
ability to magnify does not by itself make the microscope an effective 
instrument. Something more is needed—resolution. oe: 
By resolving power is meant the ability to show, separately and dis- 
tinctly, two points which are closely adjacent in the object. The resolv- 
ing power of a microscope is determined by two factors, the wavelength 
of light and the numerical aperture of the lens. The wavelengths to 
which the eye is sensitive are fixed, and there are limits beyond which the 
numerical aperture of a lens cannot be increased. The numerical aper- 
ture is dependent upon the actual diameter of the objective lens in relation 
to its focal length and upon the light-bending power (refractive index) of 
the medium between the lens and the object under examination. Immer- 
sion oil has a higher index of refraction than air, and hence higher resolv- 
ing power is obtained when oil is placed between the immersion lens and 
the object, but a limit of attainable resolving power is soon reached be- 
yond which increased magnification does not enable one to see still smaller 
objects. We can picture the resolving power of a lens as being limited 
by the fact that the image of a point is not actually focused as a point 
but instead as a small disk. The smaller this disk, the more nearly it 
approximates a point, the greater is the resolving power of the lens. If 
the object is smaller than can be resolved by the lens, the disk images 
from points about the object overlap, and the object is obscured. 
Resolving power of a lens may be expressed by the equation 


; Re wavelength’ 
Resolving power = smallest visible structure = : 


numerical aperture 


When the microscope is fitted with a condenser with a numerical aperture 
equivalent to that of the objective, the equation becomes 
wavelength 


Resolving power = ——————____ 
2 X numerical aperture 


On substitution in the above equation we find that in blue light of wave- 
length 0.470 » the resolving powers of lenses ordinarily employed in 
bacteriological laboratories are as shown in Table 2-1 on page 29, When 
one employs an ordinary student microscope equipped with a good con- 
denser and an ordinary oil-immersion lens, the smallest object w 
clearly be seen must have a diameter of at least 0.2 pe. 

For increased resolution it is necessary to use light of shorter wave- 
length, and this can be accomplished wi artz lenses which are trans- 
parent to ultraviolet light. However, My A is not sensitive to the short 
ultraviolet, and it is therefore necessary to photograph the image and to 
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TABLE 2-1 





Numerical Resolving 





aperture power, 
Low-power lens...........-.. 0.25 0.94 
High-power lens. .......-:.... 0.85 0.28 
QOil-immersion lens. .....-.-:.-. 1.25 0.19 
Research oil-immersion lens. . . 1.40 ORT. 





observe the photographie reproduction. Using light of 0.275 » wave- 
length, the resolving power becomes approximately 0.1 p. 

The Phase Microscope. Contrast in the images of bacteria or other 
specimens can be enhanced over that noted in an ordinary microscope 
by use of the phase-contrast microscope. Light traversing two objects 
will emerge out of phase if one object is either thicker than or has a 
different refractive index from the other. When these rays are brought 
together out of phase, they interact to produce interference or darkening; 
when brought into phase, they reinforce each other and yield a brighter 
image. In the phase microscope a diffraction plate or coating is added 
within the objective and an annular diaphragm below the condenser of a 
light microscope. This optical arrangement is of such a nature that slight 
and otherwise invisible alterations of the light passing through the speci- 
men are converted into images that can be seen. The annulus below the 
condenser controls the illumination on the diffraction plate where the 
light from the specimen is selectively modified to yield an image of 
greater visibility or contrast. On changing the nature of the annulus 
or of the diffraction plate, changes can be induced in the degree of con- 
trast, or the contrast can be reversed, thus altering the appearance of 
the object under examination. Phase-contrast microscopy has definite 
limitations, but within these limits it is of value in enabling one to ob- 
serve differences in structure of living cells that are not apparent in the 
ordinary light microscope. For example (Fig. 1-13), it is possible to 
follow changes in the appearance of nuclear structures during the growth 
of bacteria. 

“The Electron Microscope. In recent years it was observed that elec- 
trons can be deflected from their course by magnetic fields (see Fig. 2-2) 
in a manner analogous to the deflection of light by lenses. Since electrons 
moving at high velocity have a very short wavelength (5 « 10~® p at 
60 kv. potential), the resolving power of the electron microscope is ap- 
proximately 100,000 times that of a light microscope. Unfortunately the 
“objects” seen in photographs of electronic images are shadows analogous 
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Fig. 2-2. A comparison of electron and optical microscopes. (Courtesy of the Radio 
Corporation of America and John Wiley & Sons, Inc., from V. K. Zworykin, G. A. 
Morton, E. G. Ramberg, J. Hillier, and A. W. Vance. “Electron Optics and the Elec- 
tron Microscope,’ New York, 1945.) 


to those on an X-ray plate and represent degrees of opacity to electrons 
by different parts of the object. Also the specimen under examination 
must be held in a high vacuum, and this may tend to distort bacteria or 
bacterial structures. In many instances, interpretations of the photo- 
graphs (electron micrographs) are difficult to make, but notwithstanding 
all the difficulties encountered in electron microscopy the use of this tool 
has increased our knowledge of the structure of bacteria and viruses. 
Electron micrographs of bacteria are compared in Fig. 2-3 with ordinary 
light photomicrographs of bacteria. Electron microscopy has also been 
of considerable value in the determination of the size and shape of virus 
particles. A recent valuable development by Wyckoff and others con- 
sists in depositing a thin film of metal on one side of the particles so that 
they cast shadows. This technique makes the particles show up more 
prominently. 

Phe Dark-field Microscope. When a beam of light shines through a 
darkened room, we see light reflected in all directions by dust and other 
particles suspended in the air. The suspended particles may be so small 
as to be invisible to the naked eye, and then we see only the light reflected 
by the particles and not the particles themselves. This optical effect, 
known as the Tyndall phenomenon, can be applied to microscopy and 
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Fia. 2-3. Comparison of (A) an optical- and (B) an electron-microscope view of a 
pseudomonad, magnification approximately 2,000 and 10,000X, respectively. 


enables one to detect the presence of particles, even though their dimen- 
sions are less than the lower limits of resolution of the microscope. This 
is accomplished by providing a dark background through which a beam 
of light passes at a right angle to the optical axis of the microscope and 
serves as the basis for the ultramicroscope of the colloid chemist. A 
modification of this original type of ultramicroscope is commonly em- 
ployed in the bacteriological laboratory. 

 Dark-field ‘Ilumination is obtained when the usual condenser of the 

Beasties is replaced with a special dark-field condenser. The path of 
the rays of light through this type of condenser (see Fig. 2-4) is such that 
the rays are brought into focus in the object but at such a divergent angle 
that none of them strikes the objective lens of the microscope. Only 
rays of light reflected by particles in the field of view are able to enter the 
objective. 

_’ When one looks through a microscope equipped with a dark-field con- 
denser at a drop of water, the field of view appears dark. When bacteria 
or other objects that will reflect light are present in the drop, some of the 
reflected light will pass through the objective and form an image. One 
then sees the object as an apparently luminous body outlined against 
the dark background. Since the surface of the bacterial cell and struc- 
tures within the cell reflect light to different extents, one may obtain some 
idea as to the structure of the cell. Also one can readily observe motion 
of the cells in the drop of suspension medium. Bodies below the limits 
of resolution of the microscope may reflect light and thus give rise to 
points of light which can be counted or observed to be in motion. Hence 
with the aid of a dark-field microscope it is possible to detect the presence 
of subvisible particles such as filtrable viruses, although in a heterogenous 
system it is impossible to differentiate between viruses and other particles. 


32 INTRODUCTION TO THE BACTERIA 


“ 


Dark-field microscopy is particularly valuable for the observation of the 
motility of bacteria and for the identification of Treponema pallidum in 


material from suspected syphilitic lesions. 





Fic. 2-4. Schematic drawing of dark- Fic. 2-5. Dark-field photomicrograph of 
field illumination. (Courtesy of the * bacteria and spirochetes in scrapings from 
American Optical Co.) around the teeth. 


Microscopic Examination of Bacteria. It is necessary, because of the 
small size of bacteria, to use high-power objectives, particularly the oil- 
immersion lens, to obtain sufficient magnification and resolution for the 
examination of these and related microorganisms. The principle involved 
in the use of the oil-immersion lens is illustrated in Fig. 2-6. Microor- 
ganisms can be examined as masses in living colonies or cultures or as 
individuals in suspension in water or in dried stained preparations. The 
latter method is usually employed since the unstained cells 
bacterial, are generally transparent and the refractive index of protoplasm 
is so near that of water that it is difficult to observe such minute colorless 
cells. Staining is also useful in revealing flagella and capsules or struc- 
tures such as granules and spores within the cell. 


» particularly 
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Condenser 


Fic. 2-6. Influence of immersion oil with oil-immersion lenses. Since the oil (- -) has 
the same refractive index as glass, a light ray (a) will not be bent on passing from 
the one medium into the other, whereas an equivalent ray (a’) not passing through oil 
would be refracted in such a manner that it would not enter the objective. The oil, 
therefore, increases the amount of light which will pass through an object and into the 
objective. (Oil is employed between the slide and the condenser only for critical 
illumination.) 


The general method for staining pacteria is to place a small portion of 
a culture in a drop of water on a microscope slide, mix thoroughly with 
an inoculating needle, and spread the drop in a uniform layer over the 
surface of the slide. When the bacteria are in a broth culture, a drop of 
the culture can be placed directly on the slide and spread out as above. 
The preparation is allowed to dry in the air, and the cells are then fixed 
to the slide by passing it, smear uppermost, through a bunsen burner 
flame three or four times. The fixed organisms are then stained by plac- 
ing several drops of the dye solution on the smear and allowing the dye 
to act for a few seconds or minutes, the length of time being dependent 
upon the nature of the dye and of the bacteria. The excess dye on the 
slide is then washed off with water, the preparation dried by placing it 
between pieces of filter or blotting paper, and it is then ready for exami- 
nation under the microscope. One observes the preparation with par- 
ticular reference to the relative size and shape of the cells and their 
arrangement in the smear and for variations in these properties amongst 
the cells of a particular species. Under a given set of conditions the size 
and shape of the cells of a species may vary with the age of the culture 
and with the nature of the culture medium. Bear in mind the fact that 
in the laboratory the cells are growing in a constantly changing environ- 
ment (changes produced by metabolic activities of the bacteria) and 
that variation is to be observed in all forms of life. It becomes particu- 
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larly evident with these small organisms which have generation times as 
short as 15 min. 

Certain staining reactions are employed to bring out differences in the 
staining properties of specific structures within the cell or differences be- 
tween different species. These will be discussed later, but one special 
staining technique may be mentioned at the present time. If one mixes 
some bacteria with a drop of Congo red, nigrosine solution, or India ink, 
spreads a drop of the suspension on a clean slide to form a thin film, and 
dries it, the bacteria may be seen as colorless bodies surrounded by a 
colored background. This is called 
negative staining, since the back- 
ground and not the bacteria is col- 
ored. The cells appear to be larger 
than in ordinary stained prepara- 
tions, since in the latter process there 
is a tendency for the cells to shrink 
in the fixing and staining procedures. 
On the other hand, the dye may pull 
away from the cells during the time 
that the negatively stained smear is 
drying and create the illusian of 
increased size. Negatively stained 
Fic. 2-7. Photomicrograph of bacteria preparations are useful for certain 
in a negatively stained preparation. types of work as they tend to be less 

tiring to the eyes, the bacteria stand- 
ing out as bright spots in a dimly lighted field. 

Hanging-drop Preparations. Unstained organisms can be examined 
under the microscope in a drop of water or broth, generally covered with 
a cover glass to form a thin film. Since the cells have a refractive index 
near that of water, it is necessary to adjust the illumination so as to obtain 
as great contrast as possible between the cells and the suspension medium. 
One may add a drop of a dye solution or of dilute iodine to the prepara- 
tion to increase the contrast, and in some instances a so-called vital stain 
which will penetrate living cells may be employed. 





“ign ris ross section of a hanging-drop preparation for the observation of bacteria 
uid. 


It is generally preferabie to examine living bacteria in what is known 
as a hanging drop, in order to reduce movement caused by capillary forces 
or by evaporation from the film under the cover glass. For this prepara- 
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tion a glass slide with a concave depression is required. A thin film of 
petroleum jelly is applied around the edge of a cover slip, and a drop of 
the bacterial suspension is then placed in the center of the cover slip. 
The hollow-ground slide is then inverted over the cover glass in such a 
manner that the drop is centered over the depression in the slide. The 
slide is then gently pressed down on the cover glass to form a seal of 
petroleum jelly between it and the edges of the cover glass. The sealed 
preparation is rapidly inverted, and one then has a drop of the suspension 
hanging from the cover glass. Sealing the preparation greatly reduces 
evaporation from the drop and at the same time markedly reduces con- 
vection currents. The organisms are now ready for examination, pref- 
erably with the high-power lens, although the oil-immersion lens can be 
employed if reasonable care is exercised. It is generally desirable to 
reduce the illumination and to locate the drop with the low-power lens 
before shifting to the higher powers of the microscope. 

Motility. Hanging-drop preparations are valuable for the determina- 
‘tion of motility of bacteria. Amongst the bacteria, motility is for the 
most part due to the possession of whip-like organs of locomotion, flagella. 
Bacteria can be roughly classified into two groups, motile and nonmotile, 
on the basis of motility in hanging-drop preparations. Even nonmotile 
bacteria in a suspension are in constant motion, but one must learn to 
distinguish between this motion and true motility. Brown in 1828 ob- 
served that pollen grains in suspension in water were in constant motion, 
a motion which can best be described as a vibration or trembling around 
a point. This phenomenon, known as Brownian movement, is caused by 
the continuous bombardment of suspended particles by the molecules of 
the suspending medium, generally water or aqueous solutions. At any 
one time there may be by chance more or stronger hits on’ one side than 
on the other sides, and the particle will be displaced to a slight extent. 
At the next. instant the bombardment may be of greater intensity on 
another surface of the particle, and the particle will be displaced in such 
a direction as to minimize the applied force. This displacement is gen- 
erally of a low order of magnitude, and with unequal bombardment from 
different directions at different times, the particles will be in a constant 
state of motion around a point, although occasionally by chance a particle 
may be displaced through a considerable distance in the field. Brownian 
motion closely resembles that of a swarm of gnats “dancing” in the air. 
When bacteria possess flagella, they may exhibit true motility as well 
as Brownian movement. True motility can be distinguished from Brown- 
ian movement by the fact that a motile organism may be observed to 
move from one place to another in a more or less straight line and that 
this movement may carry the organism partly or entirely across the field 
of view. The velocity of motile bacteria can be quite high when com- 
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pared with their size, a typical organism moving at a rate equivalent yes 
six times its own length per second, the corresponding velocity for a horse 
being 30 miles per hr. However, the actual rate of movement is generally 
only a few inches per hour, although motile bacteria may appear to move 
very rapidly under the high magnification employed in observing them. 
Not all motile bacteria exhibit true motility all of the time, and in fact 
one may have to examine a hanging-drop preparation for several minutes 
before true motility is observed. One reason for this becomes apparent 
when we consider that if we were observing from a distance a herd of 
animals, all might remain stationary for a period of time, a few might 
shift their position from time to time, or all might be in motion at any 
one time. One must remember that bacteria in suspension always exhibit 
Brownian movement and that it is necessary to distinguish between this 
movement and true motility. Also bear in mind that motility of bac- 
teria is greatly reduced or lost with increasing age of a culture and that 
handling of the organisms may determine whether flagella remain at- 
tached to the cells. Loss of flagella means loss by the cell of its mode 
of locomotion. 


GENERAL STAINING PROPERTIES OF BACTERIA 


Bacteria are for the most part colorless organisms and are difficult to 

/observe in unstained preparations. Stains were first employed in 1858 by 

my Gerlach to increase the contrast between cells and their constituent parts 

in slices of animal tissues. The staining technique was introduced into 

/ bacteriology by Weigert in 1875 when he demonstrated that bacteria can 

~ be more readily observed under the microscope after preliminary staining 

with methyl Violet. New stains and staining techniques have been de- 

veloped since Weigert’s time, but before we consider the nature of the 

staining reactions, it is necessary to summarize the nature of dyes and 
of the proteins with which they may react in the cell, 

Proteins. The chemical properties of proteins are in large part de- 
pendent on the properties of the amino acids of which they are composed. 
Proteins vary widely amongst themselves in the relative amounts of the 
21 amino acids of which they are commonly constituted. The proteins 
are compounds of high molecular weight and are probably the most ecom- 
plex chemical entities known to man. They are the main organic con- 
stituent of protoplasm, and their complexity accounts in p 
of the remarkable properties of living matter. 
carbon, hydrogen, nitrogen, and oxyge 
sulfur, iron, and phosphorus. 


art for many 
Proteins always contain 
n and usually small amounts of 
In the cell, proteins may also be linked 
with other complex chemical substances such as carbohydrates, fats, and 
nucleic acids and with inorganic salts, 
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Amino acids are members of a group of substances known as amphoteric 
compounds, or ampholytes, which possess the property of ionizing either 
as an acid or as a base. The simplest amino acid present in proteins is 


glycine (aminoacetic acid). When it reacts as an acid, its behavior may 
be depicted as 


Fe = H,C-COO- + H* 
| 
NH NH 


glycine dissociating to form a negatively charged amino acid ion and a 
hydrogen ion. Amino acids react in this manner in the presence of a 
base such as sodium hydroxide and give rise to the formation of a sodium 
salt of the amino acid and water. 

In an acidic solution, amino acids react like a base and dissociate to 
give a positively charged amino acid ion and a hydroxyl ion. Glycine 
behaves as a base similar to ammonia, which unites with water and then 
dissociates to give ammonium and hydroxyl ions. This behavior of 
glycine may be represented as 


H,C-COOH + H,0 = H,C-COOH + OH™ 
| 
NH2 NH;* 


Glycine could react with an acid such as hydrochloric with the formation 
of an amino acid hydrochloride and water. At a hydrogen-ion concentra- 
tion specific for each amino acid, the amino acid would be neutral, react- 
ing equally as an acid or a base. The hydrogen-ion concentration at 
which an amino acid or protein is neutral is known as the isoelectric point 
of the substance. 

The fact that proteins consist of amphoteric amino acids is of great 
importance in interpreting their reactions. The amino acids are linked 
together to form the protein\molecules, but there are free amino (—NHz2) 
and free carboxyl] (—COOH) groups on the protein molecule, and these 
groups can react in a manner similar to that pictured above for the sim- 
plest amino acid. 

Dyes. A dye may be considered as a colored organic compound which 
is capable of combining with a wide variety of substances and imparting 
color to them. In order for a compound to act as a dye, it must contain 
what are known as chromophore and auxochrome groups linked to ben- 
zene rings. A chromophore group imparts the color to the molecule of 
the dye while the auxochrome group imparts the property of electrolytic 
dissociation to the molecule, thereby making it more reactive. This can 
be illustrated by the following example: Benzene is a colorless molecule, 
but when three of the hydrogen atoms in the molecule are replaced with 


= 
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nitro groups (chromophores), a colored compound, or chromogen, is pro- 
duced of the formula 
NOz 
C 
£aS 
=o CH 


NO2—C C—NOz 
\ 


which can be more simply represented as 


NO: 


NO: NO, 


Trinitrobenzene is yellow, but it is not a dye because it does not dissociate 
to any particular extent and hence is unable to form salts with either 
acids or bases. When another hydrogen atom is replaced with a hydroxy! 
group, the colored compound picrie acid is formed, and it is capable of 
dissociation in the following manner: 


Nie NO» 
| 


NO» NO2g @ NO»2 NO, + Ht 


| 
On b- 


Hence the hydroxyl group in picric acid is the auxochrome group of the 
dye picric acid. The dye ion has a negative charge as indicated in the 
above formula and is known as an acidic dye because it is capable of 
forming salts with bases. Auxochrome groups may be either acidie or 
basic, and a dye possessing a basic auxochrome group such as —NHs is 
known as a basic dye since it reacts as a base with an acid to form a salt. 
Both acidic and basic dyes are employed for staining bacteria. The 
majority of the bacterial stains are prepared from basic dyes, as they 
react more readily with bacteria in neutral or alkaline solution. Unfor- 
tunately the use of acidic dyes is too often neglected. While it may be 
more difficult to stain bacteria with acidic dyes, yet the stained prepara- 
tions are often much sharper when the latter type of dye is employed. 
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The addition of a variety of substances to staining solutions causes the 

bacteria to stain more deeply than they would in the absence of the added 
substance. Substances which enhance the staining ability of a dye are 
spoken of as intensifiers. Basic dyes stain bacteria more readily if the 
alkalinity of the dye solution is increased, while the reverse holds true 
with the acidic dyes. Acids, bases, wetting agents (or detergents), ani- 
line, and phenol are examples of intensifiers commonly employed with 
bacteriological stains. The application of heat to the staining solution 
will in many instances increase the rate and possibly the extent of stain- 
ing; hence heat may be regarded as a physical intensifier. In the staining 
process, whether of cloth or paper or of tissues or cells, chemicals are 
sometimes employed which have a strong affinity for both the dye and the 
substance being stained and thus bring about a firmer union between 
the dyestuff and the substance being stained. Substances which enhance 
the strength of the union between dye and substrate are called mordants. 
Typical mordants employed in staining reactions are tannic acid in the 
flagella stain and iodine in the gram stain. 
“Mechanism of Staining. The retention of dyes by cells has been ex- 
plained primarily on the basis of either a physical union or a chemical 
union between the dye and components of the cell. According to the 
physical concept of the staining reaction, deposition and retention of the 
dye occur on surfaces as a result of forces primarily physical in nature. 
Staining is pictured as an adsorption reaction which may occur in variable 
proportions and in which no new compound of definite chemical composi- 
tion is formed. Proponents of the chemical theory postulate that a re- 
action occurs between the dye and the material being stained with the 
formation of reaction products of definite composition and that the re- 
action takes place in stoichiometric proportions. 

As a result of a chemical reaction, a new compound is formed with 
properties different from those of the reacting substances. Furthermore, 
simple washing with water or other solvents generally does not decompose 
the compound so formed with the liberation of the original reactants. 
There is little evidence that the bacteria react with a dye to form new 
chemical substances, and it is usually possible to extract the dye from the 
cells by prolonged immersion in water, alcohol, or other solvents. On the 
other hand, it might be argued that a mass-action effect controls the stain- 
ing reaction and that the dye-cell complex dissociates in the solvent with 
the liberation of unstained cells and the free dye. In many of the quan- 
titative relationships of the staining reaction the results are, however, in 
general agreement with those postulated on the basis of an adsorption 
reaction. The controversy between the proponents of the physical and 
the chemical theories of the staining reaction loses much of its meaning 
when staining is considered in the light of modern colloidal chemistry. 
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When bacteria are placed in an electrical field, they will migrate toward 
one of the electrodes. The direction of their migration is dependent on 
the nature (+ or —) of the over-all electrical charge possessed by the 
bacteria, i.e., on the difference between the total positive and negative 
charges at the surface of the cell. Bacteria in suspension on the alkaline 
side of their isoelectric point possess a negative charge and migrate toward 
the positive pole, behaving in this respect like anions. We can picture 
the bacterial surface as a mixture of acidic and basic groups with the 
acidic groups predominating under physiological conditions of hydro- 
gen-ion concentration. This predominance of negative groups at the cell 
surface results in the attraction of positively charged ions to the vicinity 
of the cell, and a layer of cations will surround the cell. When the cells 
are transferred to a new ionic environment, an exchange of ions will occur 
with the formation of a new ionic layer in order that equilibrium may be 
established with the new environment. McCalla has shown that bac- 
teria will absorb various ions when the ionic environment is changed, 
e.g., magnesium ions will be absorbed when the cells are suspended in a 
solution of a magnesium salt. This reaction may be represented as 


0.5n Mgtt+ + B™” = (0.5n Mg)(B) 


where B represents the bacterial cell and n- an unknown number of 
negative charges carried by the cell. 

When a second positively charged ion is added to the suspension, the 
added ion will compete with the magnesium for a place around the cell 
and may replace it entirely. When a basic stain such as methylene blue 
is added to the suspension, the positively charged dye ion will compete 
with the magnesium or other positively charged ions at the surface of the 
cell and may replace them by means of an ionic exchange reaction. This 
reaction can be represented as 


(0.5n Mg)(B) + n MBt & (n MB)(B) + 0.5n Mg* 


if the reaction goes to completion. MeCalla considers that the reaction 
of stains with bacteria can be interpreted as an ionic exchange reaction 
which approaches stoichiometric proportions, 

The great variation in the reactivity of the components of bacteria and 
the relatively unknown behavior of dyestuffs at the complex surfaces of 
the cell render it dangerous to attempt to simplify the complexity of re- 
actions which enter into the staining process. For our purposes, it will 
suffice to bear in mind that staining is a highly complex reaction which 


however, may be pictured as ionic exchange reactions in the following 
manner: 
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Methylene blue chloride @ MBt +. Cl— 
(MBCl) 


+, ~ 


Sodium proteinate 2 proteinate” + Nat 
t 
MB proteinate NaCl 


when the reaction occurs between a basic dye and bacterial proteins ioniz- 
ing in alkaline solution as an acid. On the other hand, the reaction in 
acidic solution with an acid dye may be pictured as 


Sodium eosinate @ Nat + eosinate 


+ + 
Protein chloride @ Cl” + Proteint 


NaCl Protein eosinate 


These equations are not offered as an explanation of the staining reactions 
of bacteria but simply as a means of visualizing what may occur when 
bacteria are treated with a dye. The process may be physical or chemical 
in nature, or it may involve a combination of both physical and chemical 
factors. 


DIFFERENTIAL STAINS 


~The Gram Stain. The differential staining technique is generally more 
difficult than simple staining and is for the purpose of differentiating be- 
tween different parts or structures of the cell or between different groups 
of organisms. The gram stain is the most important differential stain 
employed in bacteriology and serves to differentiate bacteria into two 
main groups: the gram positive and the gram negative. Gram observed 
in 1884 that in tissue sections stained with gentian violet and then treated 
with a dilute solution of iodine in potassium iodide solution, the stain 
could be readily removed from the tissue by alcohol but not from most 
bacteria within the tissue. Gram also observed that when this procedure 
was applied to smears of various bacteria, certain species retained the 
original dye while others were rapidly decolorized by the alcohol and 
would take up another stain. These observations were soon confirmed, 
and it was found that bacteria can be divided into two general groups, 
gram positive and gram negative, on the basis of their behavior in the 
gram stain. This division of bacteria into two groups on the basis of 
gram-staining properties is of great value in the identification of many 
bacteria, being particularly important with certain of the animal patho- 
gens, €.£., gram-negative and gram-positive cocel. 

There have been some improvements in the technique of carrying out 
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the gram stain, but basically the procedure remains the same as in the 
original method. Let us assume that we have a mixture of bacteria on a 
slide and that they are stained with a pararosaniline dye such as crystal 
violet. All cells will be colored a dark violet, for they all stain much alike 
with this basic stain. Then we rinse off the excess dye and treat the 
smear with iodine solution, the iodine forming a deep-blue-black complex 
with the crystal violet and tending to mordant the dye to the cells. The 
iodine solution is poured off the slide, which is then immersed in alcohol 
or an alecohol-acetone mixture until no more of the dye is readily removed 
from the smear, a procedure generally requiring from 10 to 30 sec. This 
decolorization is the most important step in the gram stain technique, for 
alcohol or acetone removes the dye complex from gram-negative bacteria 
much more rapidly than from gram-positive forms. Gram-positive cells 
can be decolorized if decolorization is prolonged. When decolorization 
has been properly carried out, the gram-positive cells will still be colored 
bluish black while the gram-negative bacteria will be colorless. In order 
to observe the colorless cells more readily, it is necessary to stain them 
with a basic dye of a color different from crystal violet. The gram-posi- 
tive forms, being nearly saturated with dye, do not take up any appre- 
ciable amount of the counterstain, while the gram-negative cells are 
stained by the second dye and assume the color of this dye. 

The ability of gram-positive bacteria to retain the original dye is by no 
means absolute, and there are varying degrees of gram positivity among 
the different gram-positive species. Furthermore, the results of a gram 
stain depend to a considerable extent on the proper preparation of the 
smear and a standardized technique of carrying out the staining proce- 
dure, as well as upon the nature of the cells, their age, and environmental 
factors, particularly pH. Gram-positive cells on death tend to become 
gram negative, and this tendency also is observed with increasing age of 
the bacteria. On the other hand, there is little or no tendency for gram- 
negative cells to exhibit gram-positive staining characteristics, 

The ability of cells to retain the original stain in the gram stain is not a 
property characteristic of cells in general but is confined almost entirely 
to certain species of bacteria, to the yeasts, and to the molds. The molds 
ee ee stain while the majority of other 

Bick duly decolorized and take up the counter- 
stain, Le., they are gram negative. 
cis of the Deena, employed, i on ofthe most important 
than an aid in the idéctitinatian of : wite EF e Ar 7 
mental difference between the tw 7 i: (a : ein » Soe 
exceptions, gram-positive Ba sear s ee bisacan there. are 
manner different from and freqiieiitly the r sarge ie 0 oT ie 
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by the gram-negative forms. Certain of these differences are best ex- 
pressed in tabular form as in Table 2-2. It must be remembered that 


TABLE 2-2 





Gram positive | Gram negative 


eS ————— eee 


Isoelectric staining point...........-+---e seer eee: pH 2 to 3 pH 5 

Digestion by pepsin or trypsin.....-..-.++++e sees: Resistant Not resistant 
Solubility in 1% KOH.........-..--:eeeeeeeeeees Not soluble Soluble 

Growth in acidic media...........----++++e-eeeee Inhibited Less inhibited 
Resistance to mechanical agents.......-..---+-+-+-- Resistant Less resistant 
Bacteriostatic action of triphenylmethane dyes...... Marked More resistant 
Inhibition by sodium azide.........---++-++se55+> Resistant Less resistant 
Susceptibility to antibiotic agents........-..-++-:- Pronounced Less susceptible 
Ability to stimulate antibody fOrMAOM esa ys oe Poor antigens | Good antigens 
Undergo autolysis.........-.. sess reece erences Resistant Less resistant 


enteral ye ee 


the differences between gram-positive and gram-negative bacteria are 
frequently quantitative rather than qualitative in character and that 
there are exceptions to all the statements in Table 2-2. This tabulation 
expresses tendencies rather than absolute differences. 

Because of the differences between these two groups of bacteria, many 
studies have been carried out in an attempt to explain the basic differ- 
ences, or at least to gain further insight into the mechanism of the gram 
stain. There are numerous observations which suggest that gram posi- 
tiveness depends upon the intactness of the cell wall, since gram-positive 
bacteria upon physical disintegration exhibit staining properties char- 
acteristic of the gram-negative forms, i.e., bacterial protoplasm stains 
gram negatively. Some workers claim that this behavior indicates that 
permeability of the cell is the controlling factor in the gram stain, the 
iodine-dye complex readily diffusing through the cell membrane of gram- 
negative forms while it diffuses with difficulty from the gram positives. 
Others claim that the integrity of the cell wall is essential for the main- 
tenance of surfaces involved in the staining reaction and that the gram 
stain is dependent upon physical or chemical reactions at these surfaces. 

2ecent studies by Henry and Stacey and by Bartholomew and Umbreit of 
suggest that a magnesium ribonucleate apparently relatively abundant 
in the surface of gram-positive organisms 1s responsible for the particular 
staining property of these bacteria. When the magnesium ribonucleate 
is removed by chemical or enzymatic means, gram positivity is lost, but 
it can be regained by “replating” the magnesium ribonucleate on the 
gram-negative skeleton of originally gram-positive cells. True gram- 
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negative cells cannot be converted to gram-positive forms by simple treat- 
ment with the ribonucleate, and the ribonucleate by itself is not gram 
positive. Recent studies, however, indicate that gram-negative bacteria 

(Escherichia coli) can be plated with a gram-positive coat if a highly vis- 
cous solution of ribonucleate is employed. These observations suggest’ 
that gram positivity is associated with a protein-magnesium ribonucleate 
complex. in the cell surface. Certain contradictions still exist between 
the results of different studies on the nature of the gram stain, and further 
work is needed before it will be possible to determine the nature of the 
basic differences between the two great groups of bacteria. 

.Acid-fast Stain. The property of acid fastness, i.e., resistance pos- 
sessed by certain bacteria to decolorization of their stained cells even by 
mineral acids, was first noted in 1882 by Ehrlich in studies on the tubercle 
bacillus. The mycobacteria and a few strains of diphtheria-like bacteria 
and actinomycetes are stainable with difficulty by the ordinary stains, but 
once stained they retain the dye quite tenaciously. They can be stained 
if a concentrated solution of a dye such as basic fuchsin is employed in 
the presence of phenol acting as an intensifier. The rate of staining is 
slow at room temperature, but staining can be accomplished in a few 
minutes at a temperature near the boiling point of water. The Ziehl- 
Neelsen technique, frequently employed for the staining of acid-fast bac- 
teria, takes advantage of these facts. Once stained, acid-fast bacteria 
retain the dye even on prolonged immersion in water or alcohol acidified 
with a mineral acid while non-acid-fast cells are decolorized in a few 
seconds. 

When a mixture of acid-fast tubercle bacilli and non-acid-fast forms 
such as might be encountered in tubercular sputum is stained by the 
Ziehl-Neelsen technique, all the bacteria will take up the original stain. 
On treatment with acid alcohol, the non-acid-fast forms will be decolor- 
ized and can subsequently take up a counterstain. Hence, the acid-fast 
bacteria can be readily differentiated from the non-acid-fast bacteria on 
microscopic examination, appearing as reddish cells while the non-acid- 
fast bacteria take on the color of the counterstain. 

In one modification of the acid-fast stain, a detergent (wetting agent) 
is added to the staining solution, and the acid-fast forms are stained in a 
few minutes at room temperature. Another modification of the staining 
method employs auramine as the dyestuff because it possesses the prop- 
erty of fluorescence. When auramine-stained cells are illuminated with 
ultraviolet light, they emit light of a longer wavelength, to which the eye 
is sensitive. _Non-acid-fast bacteria stained with auramine are decolor- 
ized with acid alcohol while the acid-fast bacteria retain the auramine. 
The smear is examined with a microscope equipped for ultraviolet-light 
illumination and with a yellow filter to remove blue light entering the 


v 
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ocular. The field of view appears dark except for the auramine-stained, 
acid-fast bacteria, which stand out as luminous yellow bodies in the dark 
background. 

Acid fastness was explained for many years on the basis of a high con- 
centration of fatty or waxy material in the acid-fast forms. In recent 
years it has been demonstrated that acid fastness of the mycobacteria 
(e.g., Mycobacterium tuberculosis) is not dependent on the total fat con- 


tent of the cells but appears to be due to a specific component, mycolie| 


acid, present in the waxy material. Mycolic acid, while somewhat acid 
fast by itself, appears to be in combination with a polysaccharide in the 
cell, and this combination may possess stronger acid-fast properties than 
mycolic acid alone. The possession of mycolic acid by all acid-fast forms 
has not been demonstrated, and it is possible that acid fastness is the 
result of the possession of other acid-fast-staining materials or even of 
particular cell membrane structures. Our knowledge of some of the 
simpler facts concerning bacteria and other microorganisms is still far 
from being complete. 

‘The Spore Stain. Bacterial endospores stain like the acid-fast bacteria 
and will retain the primary stain in the Ziehl-Neelsen stain while the 
originally vegetative portion (spore case or sporangium) of the cell is 
non-acid-fast. The Ziehl-Neelsen stain can be employed for differen- 
tiating between the spore and the sporangium or for the observation of 
free bacterial spores, since washing with water is ordinarily sufficient to 
decolorize the spore case. Treatment with acid alcohol may remove the 
dye from the spore and should be omitted. In general, spores are more 
readily stained than are acid-fast bacteria, and quite frequently an 
aqueous solution of malachite green is employed as the primary stain, 
although heat is necessary to secure good staining. The excess stain is 
rinsed off with water and the cells counterstained with eosin or safranine. 
Low permeability of the spore membrane to dyestuffs is the most common 
explanation of the peculiar staining property of bacterial spores (see Fig. 
2-9). It should be pointed out at this time that endospores can be ob- 
served in ordinarily stained preparations as colorless bodies within the 
stained portion of the original cell, and that a thin film of dye may be 
deposited on the exterior of free spores. 

Granules. In many bacteria stained by ordinary methods, it is pos- 
«ible to see bodies or granules stained more intensely than the rest of the 
cell. When the granules assume a color different from the rest of the cell, 
they are spoken of as metachromatic granules. The composition and 
function of these granules are still matters of debate, although in many 
instances the granules may be reserve food materials of various sorts 
which are stored in the cells. They tend to accumulate as growth slows 
down and to disappear again when the cells are actively growing. 


- 


46 INTRODUCTION TO THE BACTERIA 





Fic. 2-9. Crystal violet stained preparation of (A) Bacillus cereus (spores unstained) 
and (B) malachite green-safranine spore stain of Clostridium tetani (spores dark). 


These granules may be composed of fats, carbohydrates, or complex 
nitrogenous matter, and in the thiobacteria granules of inorganic sulfur 
can be present. Fat globules are present in a wide variety of microorgan- 
isms and can be recognized as highly refractile bodies which are not 
stained by the ordinary stains. Fat globules can also be recognized by 
the fact that they stain black when the cells are treated with osmic acid 
or will take up fat-soluble dyes such as Sudan ITI, the bulk of the cell not 
being stained. 

The reserve carbohydrates appear to be of two general types, glycogen 
and granulose. The first is recognized by the reddish-brown color which 
develops on treatment with iodine solution and is considered to be the 
same as or similar to the glycogen found in tissues such as the liver. It 
has not been positively identified in all bacteria showing reddish-brown 
granules after iodine treatment, and hence it might be better to consider 
these granules as glycogen-like bodies. The glycogen granules have often 
been mistaken for nuclei but can be differentiated by the fact that they 
are not removed from the cell by boiling water and can be destroyed on 
hydrolysis with mineral acids. The second type of reserve carbohydrate 
granules gives a blue color with iodine and is chemically related to starch. 
Granulose is not as widely distributed in the bacteria as is glycogen. 
Both types of granules are visible in the dark field. 

Very little is known about the nitrogenous granules except for volutin, 
a reserve material which is found in the cells of a wide \ ‘ariety of micro- 
organisms. Volutin granules can be observed in living cells under the 
dark field or in photographs of bacteria taken with the aid of the 
microscope. Volutin has a strong affinity for basic dyes, and volutin 
granules can be observed as more intensely stained bodies within cells 
stained by the ordinary techniques. When the cells are stained with an 
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Fic. 2-10. Metachromatic granules in Corynebacterium diphtheriae. 


old solution of methylene blue, the volutin granules exhibit a color differ- 
ent from that of the bacterial nrotoplasm, volutin strongly adsorbing 
the methylene violet present in old solutions of methylene blue. This 
metachromatism is responsible for the name metachromatic granules. 
Metachromatic granules are generally more resistant to decolorization 
than the bulk of the cell, and there are a number of differential stains for 
metachromatic granules based on this behavior. If volutin-containing 
bacteria such as diphtheria bacilli, which are particularly rich in volutin, 
are stained with methylene blue and counterstained with Bismarck brown, 
the latter dye will replace the methylene blue in the cytoplasm and the 
granules will then appear as blue-black bodies in a yellowish-brown 
cytoplasm. Volutin can also be stained (vital stain) in the living cell 
with dilute methylene blue or with neutral red. Volutin appears to be 
composed of zymonucleic acid, possibly in combination with proteins or 
organic bases, and it has been suggested that it serves as reserve building 
material for the rebuilding of certain constituents of the enzymes of the 
cell. Volutin granules have frequently been mistaken for nuclei, and the 
nucleoprotein of these bodies 1s closely related to the nucleoproteins found 
in the true nucleus of other cells. Recent studies suggest that the stain- 
ing properties of these granules are due to the presence of metaphosphates, 
the latter inducing polymerization of the dye with resultant color change 
or metachromatism. 


48 INTRODUCTION TO THE BACTERIA 


The amount of reserve food material formed by the cell and stored as 
discrete particles varies considerably with cultural conditions. Forma- 
tion of granules is usually limited when the cells are cultivated in a poor 
medium while the presence of carbohydrates tends to stimulate the depo- 
sition of fat and of carbohydrate granules. Information regarding the 
nature of the reserve food materials is of some value in identifying dif- 
ferent species of bacteria, particularly the aerobic sporeformers. 

Flagella Stains. With most bacteria, the flagella are so minute as to 
be invisible on microscopic examination. Flagella have been observed 
on dark-field examination of certain species of bacteria, but their presence 
generally is recognized by the fact that a particular cell is motile. The 
presence of flagella can be demonstrated by special staining techniques 
which involve the deposition of sufficient dye on the flagella to create a 
body large enough to be resolved under the microscope. The staining 
processes employed for this purpose may also increase the intensity of 
staining of the individual flagella sufficiently that those near the lower 
limits of resolving power become apparent without marked increase in 
thickness, or both processes may be involved. 

The basis of all the flagella stains is a preliminary treatment of the 
eells with a mordant, which is generally a complex colloidal solution 
frequently containing tannates. The success of the stain depends to a 
considerable extent on the colloidal state of the mordant. Flagella are 
extremely fragile, and great care must be employed. in handling the or- 
ganisms and in the preparation of the smear. The presence of organic 
matter and of cellular debris generally hinders the demonstration of 


Fro. 2-11. Flagella stain of Salmonella typhosa. 
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flagella, as the foreign matter may react with the mordant and adsorb 
considerable amounts of the dye, thus interfering with the observation 
of the smear. Flagella can also be observed following the deposition of 
silver rather than of dyestuff on the mordanted preparation. 

Capsule Stains. A number of bacterial species under favorable con- 
ditions develop an enclosing sheath, or envelope, which is called a capsule. 
In most cases the capsule is a layer of gelatinous or gummy material 
which is not stained readily with the ordinary stains. Capsules can be 
demonstrated as a somewhat more transparent layer around the cells in 
negatively stained preparations. To increase the contrast between the 
cell and its capsule, a negatively stained smear can be treated with a 





Fig. 2-12. Negatively stained preparation of Klebsiella pnewmoniae showing capsules 


regular stain, which will react with the cel] proper, leaving a stained cell 
surrounded by a clear zone in the background created by the negative 
stain. When Congo red is employed as the negative stain, the cells can 
be stained with an acidie dye in acid solution, the acid at the same time 
tending to fix the Congo red to the slide in its insoluble acid form. Cap- 
sules can also be demonstrated as faintly stained halos around cells 
stained with gentian violet or carbolfuchsin if the time of staining is pro- 
longed and the excess stain is removed by blotting. Capsules are gen- 
erally more pronounced around pathogenic forms in slides prepared 
directly from body fluids, capsule formation being enhanced in the body. 
The demonstration of capsules is also facilitated by the proteinaceous 
material present in body fluids. This forms a film of material in the 
<mear which acts somewhat like the background in a negatively stained 
preparation. 

Cell-wall Stain. Cytoplasmic membranes and other structures can at 
times be observed directly either in a bright-field or in a dark-field prepa- 
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ration of bacteria. Knaysi developed a staining procedure which is of 
value in demonstrating the cell wall and the slime layer around bacteria. 
It consists of mordanting a heat-fixed smear of bacteria with a mixture of 
tannic acid and alum and staining with a drop of Ziehl-Neelsen carbol- 
fuchsin under a cover glass (see Fig. 3-5). The cytoplasm appears dark 
red in cells stained by this method while the cytoplasmic membrane is 
still darker; the cell wall stands out as a blue structure, and the slime 
layer is bright red. Considerable differentiation can also be observed 
when bacteria are examined directly in suspension in dilute (1:20,000) 
crystal violet (gentian violet) in a 
hanging drop or in a film under a 
cover slip (see Figs. 1-11 and 2-13). 
Differential Staining during 
Growth. Before we leave consider- 
ation of the principles of staining 
bacteria, it might be well to consider 
an application of the staining reac- 
tions to bacteria in actively growing 
cultures. Pathogenic bacteria of the 
enteric group, Salmonella typhosa 
(the typhoid bacterium) being a 
Fic. 2-13. Photomicrograph of Bacillus good example, generally are unable 
a fee vedere in a dilute solution +, ferment lactose. However, this 
sugar is readily fermented by closely 

related, nonpathogenic forms such as Escherichia coli. Since pathogenic 
bacteria of the enteric group are associated with coliform bacteria (2. 
coli and other bacteria closely resembling it) in fecal matter and as these 
organisms are culturally and morphologically similar, it is difficult to 
detect the presence of the pathogenic forms in ordinary streak cultures 
on nutrient agar. Lactose can be incorporated in nutrient agar along 
with two dyes, eosin and methylene blue. These dyes, one acidic and 
the other basic, unite to form a slightly acidic complex which is unable 
to stain the cells at the approximately neutral pH of the lactose agar. 
The coliform bacteria ferment the lactose with the production of con- 
siderable amounts of acid, and in an acidic environment some of the 
eosin-methylene blue complex is taken up by the bacteria, the faintly 
stained cells giving rise to colored colonies. The non-lactose-fermenting 
bacteria do not produce acid, and their colonies remain colorless. The 
colored colonies of lactose-fermenting bacteria which develop on eosin— 
methylene blue agar can be eliminated as possible pathogens, and one 
can proceed to an examination and identification of typical colorless 
colonies of non-lactose-fermenting bacteria as possible pathogenic forms. 
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With these pertinent facts concerning the staining reactions as a back- 
ground, we can employ stains more intelligently in the laboratory and 
proceed to a more direct consideration of the structure of the bacterial 
cell. 


REFERENCE 


Dubos, R. J.: “The Bacterial Cell,’ Harvard University Press, Cambridge, Mass.. 
1945. 


Sb 
a4 sf . ‘ V / ~ 
edie NO 
tes \ Le Vie 


CHAPTER 3 


THE STRUCTURE OF BACTERIA 


To appreciate the difficulties involved in cytological studies of bacteria, 
it is necessary only to recall the minute size of these microorganisms. 
The majority of bacteria have diameters of 0.5 to 1 », and since the limit 
of visibility in the ordinary microscope is around 0.15 y, structures within 
the cell are approaching, or may be even less than, the limits of resolving 
power. Size is not the only difficulty in the study of the structure of bac- 
teria; the fact that the cytoplasm of bacteria is usually nearly optically 
homogenous makes observation even more difficult. It is therefore de- 
sirable to be able to stain a given structure in such a way as to obtain 
maximum contrast between the structure and the remainder of the cell. 
In many instances staining procedures are not sufficiently selective, and 
confusion results in the interpretation of the observations, granules being 
identified as nuclei or as structures other than what they actually are. 
Despite the difficulties encountered in the study of the structure of bac- 
teria, there is a surprising amount of data on this subject. In addition, 
the concepts of the structure of bacteria are based in part on reasoning 
from observations on the structure of larger cells. 

Living matter consists of units of protoplasm called cells, Early ob- 
servers, when reporting their observations of living matter, presented 
drawings containing structures which might be regarded as cells, but it 
was not until 1665 that the existence of “little boxes or cells distinguished 
from one another” was definitely reported by Hooke. It is now recog- 
nized that living matter exists in cells varying widely in size and shape, 
but in all the higher cells three major parts can be differentiated—an 
outer wall surrounding the cytoplasm, or cell body proper, within which 
is located the nucleus. Other structures may be present within the 
cytoplasm or attached to the cell, but they are not characteristic of all 
cells. 

General Cytology of Bacteria. The bacterial cell consists of cytoplasm 
enclosed within a cytoplasmic membrane, which presses against the cell 
wall, which in turn is surrounded by a slime layer. Certain bacteria, par- 
ticularly those of the genera Bacillus and Clostridium, are able to form a 
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single spore per cell. These endospores are generally more resistant to 
unfavorable conditions than are the vegetative cells, frequently with- 
standing boiling water for an hour or longer, vegetative cells being killed 
in a matter of seconds. The motile bacteria have one or more filamentous 
appendages, flagella, which serve as organs of locomotion but which are 
too thin to be resolved under the ordinary microscope. In addition to 
these structures, the bacterial cell may contain vacuoles, pigment-bearing 
bodies, fat globules, or granules, 
but these bodies together with en- 
dospores and flagella are special- 
izations not common to all bacte- 
ria. The structure of a hypotheti- 
eal bacterium is indicated in Fig. 
3-1, but it should be emphasized 
that this figure is a schematic one. 
The existence of such structures is 
based upon evidence to be de- 
scribed and suggested in some of 
the following figures. The major 
structures are evident in the elec- 
tron micrographs of Bacillus my- 
coides (Fig. 3-2) and of a cross 
section of Bacillus cereus (Fig. 
3-3). Recent studies on the cytol- 
ogy of bacteria have been reviewed 
by Knaysi (1956) and discussed in 
more detail by Bisset (1955). 
When unstained bacteria are ex- 
amined under the microscope they 





appear for the most part as sim- 
ple, undifferentiated, homogenous 
masses of protoplasm, although 
each species generally possesses a 
fairly uniform size and shape. 


Fic. 3-1. Schematic representation of the 


structure of a bacterium. (A) flagella, 
(B) slime layer, (C) cell wall, (D) cell 
membrane, (EF) nucleus, (F) cytoplasm. 


When the cells are stained very lightly 


with basic aniline dyes, one can at times observe a darker line at the 


surface of the cytoplasm. 


When these cells are examined under the dark 


field, they appear to be surrounded by a luminous line around the more 


or less dark interior of the cell. 


This luminous line is due to reflection 


of light by the denser outer layer of the cytoplasm, which also binds 
dyestuff to a greater extent than does the cytoplasm. 

Physicochemical principles lead to the conclusion that protoplasm, 
being different in composition from the environment, must possess a sur- 
face or interface differing at least in concentration of materials from the 


54 INTRODUCTION TO THE BACTERIA 





Fic. 3-2. Electron micrograpn ot Bacillus mycoides showing (A) slime layer, (B) cell 
wall, (C) cell membrane, and (D) cytoplasm. The unevenness of these structures is 
due in part to uneven shrinking during drying. [From Knaysi and Barker, Journal of 
Bacteriology, 58, 541 (1947).] 


bulk of the cytoplasm, since such a condition always exists at the bound- 
ary between any two systems or phases. This leads to the assumption of 
the existence of a cell membrane, although it may consist of nothing more 
than a denser layer of protoplasm in which the molecules are oriented in 
a definite manner. This membrane may be in immediate contact with a 
definite, protective cell wall. The terms cell wall and cell membrane have 
often been used indiscriminately, and some investigators have simply con- 
sidered bacteria to be composed of two main parts—an inner endoplasm 
and a narrow, denser outer zone. the ectoplasm. The cell membrane from 
this viewpoint would probably be considered as a constituent part of the 
endoplasm and the outer layers or attachments as part of the ectoplasm. 
The terms cytoplasm, cytoplasmic membrane, cell wall. and slime layer 
as defined by Knaysi have the merit of be 





ing definite, experimentally 


demonstrable structures and of expressing properties characteristic of 
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Fic. 3-3. Electron micrograph of a thin longitudinal section of Bacillus cereus. [From 
Chapman and Hillier, Journal of Bacteriology, 66, 363 (1953) .] 


such biological structures. These terms will be employed in the discus- 
sion to follow. 

\_Cytoplasm. Cytoplasm is that material which occupies the volume of 
the cell bounded by the cell wall and membrane, and in which are located 
the granules, spores, vacuoles, and other internal bodies characteristic of 
the species. “It is an exceedingly complex colloidal system or systems 
composed of water, proteins, fats, carbohydrates, and inorganic matter in 
a wide variety of combinations. When free from inclusions, cytoplasm 
is generally optically and electronically homogenous and stains uniformly 
when treated with solutions of either acidic or basic dyes. Yet the chem- 
ical events occurring within the cell must be coordinated in time and space 
to permit of orderly metabolic activity and growth. It is therefore reason- 
able to conclude that cytoplasm does possess a structure at least sufficient 
to maintain the different enzymte systems in juxtaposition, and possibly 
there is a well-defined, although submicroscopic, morphological arrange- 
ment of these biochemical units. Cells of the larger bacteria can be 
erushed under the microscope, and the protoplasm can be observed to 
flow out of the cell as a semiliquid substance. There is evidence that a 
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membrane forms around the exuded material, and thig self-forming mem- 
brane could be analogous to that surrounding the cytoplasm of the intact 
cell. Differential centrifugation of such material or of cytoplasm from 
mechanically disrupted cells indicates the presence of particulate matter, 
generally of submicroscopic size, in cytoplasm. Some workers support 
the concept that bacteria contain mitochondria, bodies which in higher 
cells are particularly rich in the terminal respiratory enzymes and sys- 
tems. The postulated existence of mitochondria in bacteria is based upon 
the observation within the cells of areas which appear to be particularly 
active in the reduction of the tetrazolium dyes which are indicators of 
oxidation-reduction activity. Bisset (1955) does not support this concept 
but does suggest that there are marked accumulations of nucleoproteins 
at the “growing point” of bacteria. An increase in concentration of 
enzymes at such points might occur and give rise to what appears to be 
mitochondria in tetrazolium-treated cells. Additional evidence is needed 
before it can be stated definitely that bacteria contain mitochondria, or 
microscopic equivalents thereof. 

Cytoplasmic Membrane. The cytoplasmic membrane tends to stain 
more deeply with basic dyes than does the cytoplasm and tends to retain 
the stain to a greater extent than the cytoplasm on decolorization in 
slightly acidic solutions. The cytoplasmic membrane may result from a 
condensation and orientation of cytoplasmic constituents at the surface 
of the cytoplasm, surface-active materials such as the lipoproteins in par- 
ticular tending to concentrate at this interface. Increased lipoprotein 
and high nucleoprotein content may account in great part for the staining 


properties of this structure, the highly acidic lipoproteins and nucleopro- | 


teins forming a firmer union with basie dyes than the less acidic proteins 
making up the bulk of the cytoplasm. 

When one immerses cells of higher plants in concentrated salt solutions 
with osmotie pressures greater than that of the protoplasm, water passes 
out of the cell and the cytoplasm shrinks away from the cell wall. This 
behavior, known as plasmolysis, reveals clearly the existence of a cell 
membrane distinct from the cell wall. The same phenomenon has also 
been demonstrated with some of the larger bacteria and can be observed 
in electron micrographs of bacteria (Fig. 3-4). The turgor, or osmotie 
pressure, of the cytoplasm of cells in their normal environment is suffi- 
cient to press the membrane tightly against the cell wall, thus making it 
more difficult to distinguish between the cell wall proper and the cyto- 
plasmic membrane. : 
The cytoplasmic membrane, possibly together with the cell wall toa 
limited extent, controls the entrance of foodstuff into and of waste prod- 
ucts out of the cell. Little is actually known of the nature of the cell 
membrane and of how it acts. There is evidence that it is a changing 
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Fic. 3-4. Electron micrograph of Serratia marcescens, illustrating different degrees of 
shrinkage of the cytoplasm from the rigid cell wall. [From van Iterson, Biochimica 
et Biophysica Acta, 1, 529 (1947).] 


structure and that permeability of the cytoplasmic membrane can alter 
with age of the cells, young cells in general appearing to be more per- 
meable to both foodstuffs and to inhibitory agents than older cells. 
Permeability of this membrane can also change with changes in the 
nature of the environment and thus serves as a regulatory barrier for the 
maintenance of a dynamic equilibrium between the cytoplasm of the cell 
and the fluid with which it is in contact. Hence it can be termed the 
osmotic barrier. 

The actual demonstration of the cell membrane as a structure has been 
accomplished in lysozyme digested bacteria. Under carefully controlled 
conditions the cell wall can be dissolved away, leaving fragile protoplasts 
which are metabolically active. In the last stages of dissolution the 
protoplasts may appear as “ghosts,” the empty membranes surviving 
momentarily. 

Chemical Composition. Since cytoplasm makes up the great bulk of 
most bacteria, chemical analyses of bacteria as a whole give results 
primarily indicating the nature of the protoplasm. The bacterial cell 
is similar in chemical composition to cells of other species of plants and 
animals. Water is the chief constituent, amounting to 75 to 85 per cent 
of the total fresh weight. The solid matter is composed of 70 to 95 per 
cent organic matter and 30 to 5 per cent inorganic matter. The average 
carbon content of the organic matter is about 50 per cent, while nitrogen 
in organic combination constitutes 5 to 10 per cent of the organic content 
of the cells. The concentrations of the various organic constituents vary 
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to some extent with the nature of the organism and with the nature of the 
environment in which the cells developed. 

The inorganic constituents of the bacterial cell show greater differences 
in relative amounts than do the organic compounds, which enter more 
intimately into the structure of the cell. A portion of the inorganic 
matter is in chemical union with the organic matter, but the great bulk 
of the salts appears to be present in solution, maintaining ionic and 
osmotic equilibrium between the cell and its environment. The main 
inorganic elements found in the cell are phosphorus (2 to 32 per cent), 
sulfur (0.2 to 9 per cent), sodium (0.2 to 20 per cent), potassium (2 to 38 
per cent), calcium (0.05 to 11 per cent), magnesium (0.1 to 13 per cent), 
iron (trace to 6 per cent), and chloride (trace to 40 per cent). Minute 
amounts of other elements such as molybdenum, vanadium, copper, zinc, 
or boron may be essential for some particular activity of the cell, and 
these trace elements are generally present as impurities in the salts em- 
ployed in culture media. 

Reserve Materials. While the cytoplasm of many species of bacteria 
appears to be more or less homogenous, there are a number of species in 
which material is deposited within the cell in vacuoles or as free granules. 
These bodies tend to appear in the cell as multiplication slows down or 
ceases and to disappear when the cells are rapidly multiplying or are 
under conditions of prolonged starvation. This suggests that these bodies 
are an accumulation of reserve food material, and chemical analyses have 
demonstrated that they are composed of fat, carbohydrate, or nitrogenous 
material, or of sulfur or calcium carbonate in the case of certain auto- 
trophic species. These granules have been mentioned in the previous 
chapter and are of importance in the economy of the cell but appear to 
have no other function than as a store of reserve food material. When 
these reserve food materials are water-soluble, water can collect around 
them with formation of a vacuole containing reserve material in solution. 

The Cell Wall. The cytoplasm and its membrane occupy a volume 
limited by the cell wall, which imparts rigidity and shape to the bacterial 
cell. The cell wall may be observed as a thin structure around plasmo- 
lyzed cells, either in the light microscope or better in electron micrographs 
or in cells stained by suitable procedures (see Figs. 3-3 to 3-5). In 
ordinary stained preparations the cell wall is not visible, because the 
small amount of dye absorbed during the staining process is washed out 
when the smear is rinsed with water. When the cells are observed in 
suspension in a solution of methyl violet, the cell wall appears as a faint 
purple line in contrast with the darker violet cytoplasm which it encloses. 
In the preceding chapter we considered a method of producing contrast 
between the structures, mordanting the cells with a mixture of tannic acid 
and alum and observing them covered with carbolfuchsin under a cover 
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Fic. 3-5. Cell-wall stain ot Bacillus cereus. (From Knaysi, “Elements of Bacterial 
Cytology,” Comstock Publishing Associates, Inc., Ithaca, N.Y., 1944.) 


glass. In such a preparation the cytoplasm is dark red while the cyto- 
plasmic membrane is still darker and is in immediate contact with the cell 
wall, which stains blue and is surrounded by a bright-red slime layer. 

The chemical composition of the cell wall varies in different species of 
bacteria and in many species appears to be composed of cellulose or of 
hemicellulose. In other species the cell wall contains nitrogenous matter, 
some studies suggesting that it is chitin which is found in the cell walls 
of some of the higher fungi. Considerable doubt exists concerning the 
validity of many of the studies on the chemical nature of the cell wall, 
and all that can be concluded with safety is that it is composed of a rela- 
tively inert material, whose main function appears to be the provision of 
mechanical protection to the cell proper. Some protein may be present in 
the cell wall and exert a functional role, possibly enzymatic in character. 
“The Slime Layer. The cell wall of bacteria appears to be surrounded 
by a slime layer, which for a given species can vary considerably in thick- 
ness with both changes in the nature of the culture medium and heredi- 
tarily transmissible variations within a particular strain. When the slime 
layer is sufficiently thick and firm to have distinct form, it is usually 
called a capsule. The slime layer is of gelatinous or jelly-like consistency 
and has a very low affinity for dyes, to which it appears to be readily 
permeable. It is not visible in the dark field or in ordinary preparations, 
but it ean be demonstrated following the application of special positive 
or negative staining techniques. In some instances its presence has also 
been demonstrated in electron micrographs of specially treated cells. 
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Some consider the slime layer to be a modified outer layer of the cell 
wall arising from the swelling and gelatinization of certain of its constit- 
uents. (Others claim that the slime layer is a secretory product different 
in chemical composition from the cell wall. In many species the slime 
layer or capsule is composed of a polysaccharide gum, typical examples 
being galactan, levulan, or dextran, which on hydrolysis yield the simple 
sugars galactose, levulose, or glucose (dextrose), respectively. Cell-free 
enzyme preparations have been obtained from a number of bacteria, and 
these preparations are able to synthesize these gums from their constit- 
uent sugars. It has been suggested that, at least at times, the slime layer 
is composed of extracellularly synthesized carbohydrate gums, which are 
deposited around the cell wall. Mere washing with water frequently 
serves to extract the slime layer from the cell without damage to the 
viability of the cell. Hence the slime layer does not appear to be a par- 
ticularly vital part of the bacterial cell. The composition of the slime 
layer varies with the species or strain and in some species or in some sub- 
types consists of nitrogenous material associated with the carbohydrate. 

Certain of the higher bacteria form sheaths, which are roughly analo- 
gous to capsules but which tend to have a firmer structure. In some 
species of iron bacteria the sheath appears to be primarily a matrix of 
ferric hydroxide, while in other species the sheath consists of organic 
matter or of organic matter in which ferric hydroxide is embedded. The 
sheaths of the filamentous sulfur bacteria appear to be organic in com- 
position. 

Capsules may surround each cell in a culture, or when the cells are 
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characteristically paired or in chains, the capsule may surround all the 
cells of a group. In some species the capsules of a considerable number 
of cells may become confluent, giving rise to the formation of a collection 
of cells known as a zoogloea. The zoogloeae are frequently encountered 
in concentrated sugar solutions in sugar refineries, and owing to their high 
viscosity the flow of sirups through the piping systems is slowed down or 
stopped entirely. 

Capsule formation amongst the pathogenic bacteria has been studied 
rather extensively because of the fact that the capsular material imparts 
a high degree’of immunological specificity (see Chap. 21) to closely re- 
lated species or to types of a species, particularly among the streptococci 
and pneumococci. Furthermore, those disease-producing bacteria which 
form capsules are among the most virulent (measure of ability to produce 
disease) pathogens, and capsule formation is considered by some workers 
as a protective mechanism of the cell against the defensive forces of the 
host. Variants of a virulent, capsule-producing strain which are weak in 
or lack the ability to form a capsule are generally much less virulent or 
entirely avirulent. 

The polysaccharides forming the capsules of a given bacterial species 
differ chemically between the different subspecies or types that comprise 
a species, while the chemical composition of the cell proper tends to 
remain relatively constant in the different types. There is only one 
species of pneumococcus, but this species is composed of more than fifty 
types, possibly even more than one hundred different types, the types 
varying only in the nature of their capsular material. It is essential to 
be able to determine readily the specific type involved in an infection if 
serum therapy is to be employed. This will be considered in Chap. 21, 
but it may be mentioned that the. capsule of a given type of pneumo- 
coccus appears to swell when mixed with an antiserum (serum contain- 
ing substances [antibodies] which react specifically with cells or cellular 
material foreign to the animal) developed against this type. No swelling 
will be observed when the same type of pneumococcus is mixed with 
normal serum or with antisera against other types of pneumococci. 
This, the Quellung reaction, is quite commonly employed for the identi- 
fication of pneumococcal types and is illustrated in Fig. 3-7. The ap- 
parent swelling is the result of deposition of antibodies in and on the 
capsule; the reaction between the specific compounds (antibodies) in 
antisera and the capsular material tends to neutralize the ability of the 
pneumococcus to produce an infection. Ricard 

Tomscik (1954) has demonstrated morphological differentiation in the 
capsules of some species of Bacillus. The structure of the capsule be- 
came evident under the phase microscope, following treatment of the cells 
with specific antisera (see Chap. 21). The addition of antipolysaccharide 
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Fic. 3-7. The Quellung reaction: capsular material made more evident (appears to be 
swollen) around cells (b) treated with antiserum. 


antiserum resulted in the appearance of dense transverse septa continuous 
with the cross walls. These septa extended outward to the surface of the 
capsule. Subsequent treatment of the same cells with antipolypeptide 
serum demonstrated the presence of polypeptide within the polysaccharide 
structure. The cell wall, after removal of the capsular material by treat- 
ment with the enzyme lysozyme, reacted only with the antipolysaccharide 
serum. Further treatment with lysozyme dissolved the cell wall polysac- 
charide, and rounded protoplasts were liberated from the originally rod- 
shaped cells. This demonstrates the role of the cell wall in determining 
the shape of the cell. 

The Bacterial Nucleus. A nucleus can be defined as a body present in 
cells capable of further multiplication, which is morphologically distinct 
from the cytoplasm, which is composed mainly of nucleoprotein, and which 
alone bears the hereditary characters of the cell. Nuclei in this sense have 
been demonstrated in all groups of microorganisms, with the possible ex- 
ception of the blue-green algae, the bacteria, and highly parasitic forms 
such as the rickettsiae. The blue-green algae possess a central body 
which is looked upon as a primitive nucleus—a structure that is not 
sharply differentiated from the cytoplasm but shows a tendency toward 
differentiation. It is difficult to demonstrate the presence of a discrete 
nucleus in bacteria, but there is abundant evidence that a nuclear ap- 
paratus is present. 

All living cells contain nucleoprotein, and in fact some of the simplest 
biological entities—the filtrable viruses—appear to consist primarily or 
entirely of nucleoprotein. The nucleoproteins were originally given this 
name because they constitute a major portion of the nucleus. They have 
been shown to consist of nucleic acids in combination with simple pro- 
teins. Nucleic acids are complexes of organic bases (cytosine, thymine, 
uracil, adenine, and guanine) known as purines and pyrimidines, phos- 
phate, and one of the sugars—ribose or deoxyribose. The ribose-contain- 
ing nucleic acids (RNA) are found primarily in the cytoplasm and cell 
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membrane while the deoxyribonucleic acids (DNA) are present in the 
nucleus. There is some evidence that each gene in the nucleus is com- 
posed of one nucleic acid molecule. 

Bacteria are particularly rich in nucleoproteins, and these compounds 
have a strong affinity for the ordinary basic dyes employed so commonly 
for the staining of bacteria. Furthermore a particular type, or combina- 
tion, appears to be responsible for gram positivity. In many higher cells 
nuclear structures can be demonstrated directly with the aid of differ- 
ential stains, RNA-containing materials staining differently from DNA 
ones. In bacteria there is a marked tendency for the RNA structures to 
stain so heavily that any differential staining of the nuclear apparatus 
is masked. Direct differential staining can, however, be accomplished at 
times. It is much easier to hydrolyze the RNA, either with dilute acids 
or with a specific enzyme (ribonuclease), so that it no longer masks the 
staining of DNA. Acid hydrolysis also alters the DNA but sets free 
aldehyde groups in the deoxyribose (but not in ribose) that react specifi- 
cally in the Feulgen reaction with basic fuchsin decolorized by sulfite. 
Basie fuchsin is set free as a result of the reaction and stains the DNA- 
protein, thus making evident the nuclear material. Controlled hydrolysis, 
or enzymatic hydrolysis, also alters the cells in such a manner that differ- 
ential stains such as the Giemsa stain can be employed for differentia- 
tion between cytoplasmic and nuclear matter. While the results of such 
treatments do not yet yield unequivocal support for the existence of 
nuclei in bacteria, by analogy with similar behaviors noted in higher cells 
they are highly suggestive. Furthermore, observations of untreated bac- 
teria in phase (Fig. 1-13) or electron (Figs. 3-3 and 3-13) microscopes have 
revealed the presence in bacteria of bodies or structures of the same size, 
shape, and location as those noted in hydrolyzed and stained preparations. 
The various observations support the early contention of a number of 
workers that bacteria do possess a nuclear apparatus, evidence for which 
was once less complete than at present. Studies of the division of nuclear 
material in growing cells under the phase microseope (limited by the 
characteristics of this instrument), of mutations, and of sexual recombi- 
nation lend further support to the concept that bacteria possess a nuclear 
apparatus. A major problem confronting the bacterial cytologist is the 
nature of this nuclear apparatus. 

Discrete Feulgen-staining bodies occurring in regular numbers and ex- 
hibiting characteristic division were demonstrated by both Stille and 
Piekarski in 1937. Studies by Robinow (1944, 1945) and, in particular, 
evidence presented by him for the existence of paired, chromosome-like 
nuclear bodies in bacteria contributed greatly to the general acceptance 
in the United States of the concept that bacteria do possess a nuclear 
apparatus. Recent studies have been reviewed by Knaysi (1956) 
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Robinow came to the conclusion that the basic chromatinic element in 
bacteria is a more or less dumbbell-shaped rodlet which divides length- 
wise in a plane usually parallel with the short axes of the bacterium, one 
“dumbbell” giving rise to two daughter dumbbells. The first division of 
the chromatinic rodlet is, at times, immediately followed by the constric- 
tion of the bacterium to form two cells; at other times, division of the 
cell does not occur until after two or more divisions of the chromatinic 
structures. Bisset has associated this behavior with change from smooth 
to rough morphology (see Chap. 14). 

It is not easy to interpret the nature of the minute structures seen in 
such small organisms as the bacteria, and much work remains to be done 
before there is general agreement between cytologists. Bisset has con- 
cluded that two different types of nuclei occur in bacteria. One type is a 
spherical or vesicular structure, most commonly found in spores and rest- 
ing stages of bacteria. A similar structure may be noted during the active 
phase of growth of certain cocci, Azotobacter, and mycobacteria. More 
commonly the vegetative nucleus is in the form of paired chromosomes 
or chromosome complexes, the dumbbell-shaped bodies mentioned above. 
Bisset also postulates that a sexual fusion of this nuclear material can 
occur at times, followed by elongation of the bacterium, redistribution of 
chromatinic matter, and fragmentation of the cell to yield a new genera- 
tion. His schematic illustrations of bacterial nuclei and their behavior 
are presented in Fig. 3-8, and photomicrographs of stained preparations 
upon which the sketches are based in part are shown in Fig. 3-9. These 
and other studies that are not always in agreement suggest that the nu- 
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(1-4) Gram-negative coccus: methylene 
cell-wall stain preparation; (5) 
fuchsin stains of 


Fic. 3-9. Nuclear structures in bacteria. 
blue-eosin stain except (2), a tannic acid-violet 
methylene blue, (6 and 7) methylene blue-eosin, and (8) basic 
Azotobacter; Giemsa stains of corynebacteria (10), of Shigella dysenteriae (11), of 
a Streptococcus (12), of lactobacilli (13), and of Chondrococcus exigus (14 and 15). 


[After Bisset, Journal of Hygiene, 46, 264 (1948).] 
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clear apparatus may vary with the age of the cells and between species 
as well. Hence it is necessary to keep an open mind regarding the nature 
of bacterial nuclei. 

Some workers claim to have demonstrated typical mitotic figures in 
bacteria during different stages of growth (see Knaysi, 1956), but it has 
not been verified generally. Studies of this nature are hampered by the 
limits of resolving power of the light microscope, and much work needs 
to be done before it can be definitely established that the classical picture 
of mitosis applies to bacteria. 

Granted that the transmission of hereditary characters in bacteria is 
analogous to the process as it occurs in higher cells, it could be assumed 
that the process takes place through the agency of genes, which must take 
a fixed position in regard to each other, must synchronize in division, and 
must be distributed in such a manner that a full complement will be found 
in each daughter cell. A nucleus, reduced to its simplest components, 
might then consist of a single string of genes existing as a small granule 
or as a rod-like body too small to be resolved under the microscope. 
Genes have been redefined in functional rather than mechanistic terms 
by Beadle as units able to direct the synthesis of replicas of themselves 
and serving as models in the formation of nongenic units of corresponding 
specificity. They are considered to act as though they are templates for 
the direction of the synthesis of specific proteins. In this sense genes 
transmitted from parent to offspring can be considered as sets of master 
molecules which serve to control the formation of specific counterparts in 
the following generations, this action of genes being accomplished through 
the biological catalysts—enzymes—whose configuration, according to one 
concept, is copied from genes, probably via ribonucleoproteins. 


SPECIAL STRUCTURES OF BACTERIA 


Flagella. Flagella are the organs of locomotion of the majority of 
motile bacteria. The filamentous sulfur bacteria and the myxobacteria 
exhibit gliding movements, the mechanism for which is unknown. All of 
the curved forms of bacteria and roughly one-half of the rod forms are 
motile, while very few of the coceal forms are flagellated. We have con- 
sidered that the flagella are for the most part too small to be resolved in 
the light microscope but that they can be observed when stained (see Fig. 
2-11) under conditions which lead to marked deposition of dye and of 
mordanting agent on the flagella. They can be observed most readily in 
electron micrographs, measurements of typical flagella as observed under 
the conditions prevailing in the preparations indicating diameters ranging 
from 0.02 to possibly as high as 0.1 » for different species. The lengths of 
flagella are ordinarily somewhat greater than those of the cells from 
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which they originate and may be several times the length of the cell 
There is disagreement concerning the point of origin of flagella, some oe 
lieving that they originate in the cell wall or cell membrane efits others 
claim that their origin is in the cytoplasm. The flagella of flagellated 
protozoa originate in a body known as the blepharoplast, or basal grain 
within the cytoplasm, but there is no such structure readily fencer 
within the cytoplasm of bacteria. Electron micrographs of flagellated 





Fig. 3-10. Electron micrograph of Sprrillum serpens, indicating intracellular origin of 
flagella. [From van Iterson, Biochimica et Biophysica Acta, 1, 537 (1947). 


bacteria (Figs. 3-10 and 3-11) indicate that the site of origin of flagella 
is in the cytoplasm. 

Types of Flagellation. Examination of many species of bacteria 
stained to demonstrate flagellation indicates that the type of flagellation 
is a constant characteristic of a particular species, bearing in mind that 
a motile species may undergo a variation with the loss of ability to form 
flagella. Bacteria can be divided into five groups by their type of flagel- 
lation: the atrichous, or nonflagellated, bacteria; the monotrichous bac- 
teria possessing 4 single polar flagellum; the lopotrichous bacteria with a 
tuft of flagella at one end; the amphitrichous bacteria with a tuft of 
flagella on each end; and the peritrichous bacteria with flagella distrib- 
uted over the surface of the cell. There is some doubt at the present time 
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Fig. 3-11. Electron micrograph of Serratia marcescens, suggesting intracellular origin 


of flagella. (Courtesy of A. L. Houwink, Institute for Electron Microscopy, Delft, the 
Netherlands.) 


as to the existence of peritrichous flagella, this type of flagellation as 
observed in stained smears possibly being an artifact produced in the 
staining procedure. Similarly, the existence of amphitrichous bacteria is 
doubtful. It has been proposed that flagellated bacteria be divided into 
two groups: those which possess terminal flagella and those which have 
lateral flagella. Little is known concerning the chemical composition of 
flagella, except that they consist primarily of proteinaceous matter, ap- 
parently of a type similar to that found in the elastic, fibrous proteins of 
mammals. Flagella are not essential to the life of the cell, and variation 
can occur with the loss of the ability to produce flagella. 

Motion of Flagella. Flagella can be observed in dark-field prepara- 
tions of some bacteria and appear to be helicoidal in shape. They form 
conic spirals which at rest exhibit a high curvature, becoming straighter 
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and narrower and reforming when the cells are in motion. Flagella propel 
bacteria, not by a lashing movement similar to that of the cilia of In- 
fusoria, but by rapid periodic contractions which pass through the flagella 
from one end to the other. This rhythmic contraction, which moves heli- 
codially through the flagella, must generate considerable force, since some 
cells can move at a rate as great as 100 » per sec. The average rate of 
movement of a bacterium such as Escherichia coli is approximately 25 p 
per sec., or about 10 em. per hr. Direction of movement is apparently 
controlled by the angle which the flagella make with the cell body; hence 
the flagella may act both as a propellant and as a rudder. 

Spores. The family Bacillaceae is characterized as a group of rod- 
shaped bacteria which form endospores. Endospore formation is also 
observed in a very limited number of cocci and spirilla. These spores 
are essentially condensations of protoplasmic material (Knaysi, 1952), 
although they may contain proteins or other substances not found in the 
vegetative cells in which they were formed, thus suggesting that the for- 
mation of endospores is accompanied by the synthesis of new compounds. 
They are more resistant to injurious agents than are the vegetative cells 
from which they were derived. Spores may remain dormant for many 
years, some having germinated after storage for forty or more years in 
the laboratory. Their resistance is also illustrated by the fact that the 
time and temperature required for the sterilization of instruments, band- 
ages, media, and-so on, and(for food preservation in the canning industry 
is directly dependent upon the heat_resistance of spores that might be 
present. 
~Tn contrast to the higher fungi, only one spore is formed by each cell, 
and upon germination each spore gives Tise to a single cell. Ina number 
of instances two spores have been reported per cell, but these reports are 
probably incorrect in most or all eases, since division may have been 
incomplete and actually but one spore per cell was present. Spores are 
not reproductive in function in the bacteria in the sense that they do not 
serve to multiply the species but are essentially resting forms, one phase 
in the life cycle of sporogenous bacteria. 

When mature, the spore appears as a spherical, oval, or cylindrical body 
within the cell, and it may be large, thus causing the cell to bulge around 
the spore; or the spore may be small in comparison with the diameter of 
the cell, with no change in contour of the cell. The size, form, and posi- 
tion of the spore and the influence of its size on the shape of the cell are 
fairly characteristic of a given species and are of aid in the identification 





of species of the Bacillaceae. ‘ 

Spore Formation. Spores tend to appear in the: cells as their rate of 
multiplication begins to decrease, partial depletion of the nutrients in the 
medium appearing to be one factor influencing spore formation. In gen- 
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Fic. 3-12. Spore formation in Bacillus mycoides. Forespore formation and position 
of nuclei clearly evident. [From Knayst and Barker, Journal of Bacteriology, 53, 
546 (1947).] 


eral, an endospore is formed by a well-nourished cell when conditions for 
vegetative growth become gradually unsuitable because of either deple- 
tion of nutrient material, the development of otherwise unsuitable eondi- 
tions for growth, and/or unknown “cellular factors.” However, the sud- 
den exertion of a harmful condition is not favorable for spore formation, 
and we do not know the exact elements involved. 

The process of spore formation can be followed in either stained or 
unstained preparations. Three general modes of spore formation have 
been reported: (1) growth from a single granule within the bacterial cell, 
(2) an aggregation of granules to form the spore, and (3) condensation 
of protoplasmic material to form a forespore which upon maturation de- 
velops into the endospore. Knaysi favors the latter explanation of spore 
formation, and on closer examination it becomes apparent that interpre- 
tations (1) and (2) are possibly the result of incomplete observation of 
the phenomenon presented by mode (3). Knaysi (1951) suggests that 
spore formation takes place in three rather distinct stages. In the first 
step, granules of lipoprotein, if present, migrate away from the area 
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within the cell in which spore formation is to occur. A considerable 
movement of protoplasmic material to this area may be observed, and 
at the same time a vacuole may develop in the opposite end of ‘he cell. 
At the same time the nuclei of the cell arrange themselves in two groups 
at the distal ends of the space to be occupied by the endospore. In the 
second stage of spore formation, an elliptical envelope of a composition 





: 


—— 


Fic. 3-13. Nuclear and granular bodies in Bacillus mycoides. (From Knaysi and 
Barker, Journal of Bacteriology, 53, 544 (1947).] 


similar to that of the cytoplasmic membrane develops from each group 
of nuclei, and they merge to give rise to the forespore. Within a few 
minutes the material within this envelope develops a higher index of 
refraction of light, i.e., becomes more dense than the surrounding en- 
yvelope. During the third period, that of maturation, the forespore 
matures to give rise to the endospore. The remainder of the cell, the 
sporangium, disintegrates with time, setting the spore free. While the 
three stages in the development of an endospore discussed above have not 
been observed in all species, there-are suggstions that the same or similar 
processes are involved in endospore formation amongst the various sporu- 
lating bacteria. Knaysi (1952), as a result of studies of living cells of 
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Bacillus cereus under the phase microscope and of stained colonies, de- 
scribed spore formation in this species as follows: 

The forespore is initiated by a terminal nucleus of moderate size. Dense 
material with characteristic staining property is deposited around this nucleus, 
forming an envelope which grows to the maximum size of the forespore. Pre- 
sporal inclusions and other nuclei that may be present in the fertile part of the 
sporangium move, or are pushed, to the sterile part. . . . As far as the forespore 
nucleus remains visible, it continues to occupy a central position within the fore-. 
spore. Sometimes the pair of chromosomelike bodies it contains divide forming 
two pairs... . A highly refringent coat is formed within the boundary of the 
forespore, leaving a peripheral layer which becomes the outer coat of the spore. 


Some workers conclude that nuclear fusion precedes spore formation, but 
the evidence for this is debatable. 

The mature spore can be recognized as a refractile, unstained body in 
the cytoplasm of cells stained by the ordinary or simple stains. However, 
the spore wall absorbs a small amount of the dye, and free spores would 
appear as faintly stained bodies in a stained preparation. We have con- 
sidered that the entire spore can be stained with the aid of penetrating 
dyes such as carbolfuchsin or malachite green, particularly when heat is 
employed to intensify the process. 

Properties of Spores. The bacterial endospore consists of protoplasm 
of relatively unknown structure but apparently denser or more concen- 
trated than that of the vegetative cell in which the spore was formed. 
The spore appears to be richer in nucleic acid content than the vegetative 
cell, to’ be rich in lipoidal content, and may possess at least one protein 
ordinarily not present in the vegetative cell. Spectrochemical analysis of 
a number of spore-bearing species has revealed that endospores are some- 
what richer in calcium and manganese and lower in potassium and phos- 
phorus content than the vegetative cells from which they were derived. 
Protoplasmic material, sporoplasm, appears to be surrounded by two 
layers, the intine and the ezine coats. It has been suggested that the 
intine layer, upon germination of the spore, develops into the cell wall of 
the resulting vegetative cell. The exine layer in some species appears to 
re ial during germination, in other species to be cast off as an empty 
VUILK, 

The high resistance of spores to heat and to various chemical agents in 
comparison with the resistance of the vegetative cells gives the endospores 
of bacteria a rather unique position in the realm of living things. This 
marked resistance, as we have seen, was responsible to a considerable 
extent for the prolongation of the controversy over spontaneous genera- 
tion. The resistance of the spore to aging, drying, heat, and theininal 
has been generally attributed to the possession of a relatively thick, im- 
permeable spore wall and to a low moisture content, Actually we do not 
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know the true causes. It has been demonstrated that spores lack most 
or all enzymic activity, one assumption being that the enzymes are 
combined in some obscure way by their active groups and thus become 
inactive and heat-resistant. Here, also, the results reported in the litera- 
ture are somewhat contradictory. 

Germination of Spores. When spores are transferred to an environ- 
ment favorable for growth, they germinate, and each viable spore gives 
rise to a vegetative cell. In some instances at least, the environment need 
not be a complete culture medium, spores germinating in a sugar solution 
devoid of nitrogenous matter and utilizing ribonucleic acid in the spores 
as a source of nitrogen for germination and limited multiplication. The 
first step in spore germination appears to be a swelling induced by the 
imbibition of water. At this time a decrease ‘in refraction of light by 
the Spore may become evident. Swelling is most apparent in width and 
‘s followed either (1) by cracking of the exine layer (cell wall), polarly 
or laterally, followed by a casting off of the exine as an empty hull or 
(2) by a stretching of the cell wall, which in time may be absorbed by 
the developing vegetative cell. The mode of spore germination may be 
of some value in the classification of the sporeformers. Knaysi has re- 
ported that those species which germinate by shedding their cell wall are 
more resistant to unfavorable conditions than those in which the exine is 
wholly or partially absorbed. 

Cell Division. Multiplication of bacteria takes place primarily by 
binary fission, and this appears to be entirely asexual in character. It 
las been reported that the first evidence of division is a constriction of the 
cytoplasm, the cytoplasmic membrane growing inward until all portions 
meetin the center of the plane of division. This is followed by a splitting 
of the membrane and the deposition of cell walls. At times either the 
formation or the splitting of the membrane is not complete, and connect- 
ing links, plasmodesms (see Fig. 3-14), can be observed between adjacent 
cells in a chain. The cells separate 
when the connecting region of the 
lateral wall withers away or is split 
by pressure. When either the 
breaking down of the lateral wall 
at the point of division is a slow a 
process or the deposition of the ie dcr at 
cross wall is a leisurely one, the Fic. 3-14. Plasmodesms in streptococci. 
daughter cells remain attached to Zan. 
each other, giving rise to chains which are characteristic of particular 
species or genera. : nk 

Many bacteria give rise to at least two different types of colonies, 
srnooth and rough, as will be described in Chap. 14. Smooth colonies, 
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as the name implies, are relatively smooth and glistening, while rough 
colonies tend to be wrinkled and dry in appearance. From a study of 
rough and smooth forms, Bisset came to the conclusion that the constit- 
uent bacteria of smooth colonies are typically unicellular, containing two 
chromatinic bodies. On division, a membranous septum is first formed, 
the cell then immediately dividing by constriction at this point. The cell 
walls forming the ends of the new cells are secreted by this membrane, 
which is continuous with the cell membrane, the existing cell wall growing 
inward as division occurs. In the rough colony the constituent bacteria 
appear to be multicellular or at least comprised of several cellular units, 
typically four. Each unit contains a single chromatinic body, these 
bodies being separated by membranous septa which in time are converted 
into true septa, by the splitting of which the organism divides. The cell 
wall appears to be secreted internally in the rough forms, first appearing 
as a shadow within the membranous septa. Division of rough baeilli 
occurred at the middle septa, immediately after or during the division of 
the four chromatinie bodies into eight. Division of rough and smooth 
variants, as postulated by Bisset, is illustrated in Figs. 3-15 and 3-16. 
Knaysi (1951), however, concludes that division does not occur by con- 
striction and that the process does not differ between smooth and rough 
forms. He suggests that chain-forming or rough strains are characterized 
by the toughness of their walls rather than by mode of division. 

The claims that bacteria reproduce by sexual as well as asexual 
processes rest on (1) observation of cells in contact assumed to be con- 
jugative in character, (2) the formation of bodies strikingly different 
from the normal form of the species, and (3) recombination between 
mutants, which can be most readily explained on the basis of a sexual 
exchange of characters. The evidence for sexual reproduetion presented 
by observations of the nature of types (1) and (2) is not convincing. 
The studies of Dienes are suggestive, since different strains of Proteus 
growing on the same agar surface give rise in the area of contact with 
each other to the development of large round bodies. These bodies 
may undergo a series of changes on nutrient agar and finally give rise 
to the development of normal bacillary forms of Proteus. However 
no evidence of actual union of cells was observed prior to the formation 
of the large bodies. A number of attempts to cross closely related species 
or strains of various bacteria have generally resulted in failure, although 
recent studies by Tatum and Lederberg indicate that it is possible to 
produce “crosses.”’ 

Tatum and Lederberg employed a number of “biochemical mutants” 
(see Chap. 14) of Escherichia coli in their attempts to obtain crosses 
with combinations of characters of the original strains, For example, 
one mutant strain (a) was unable to multiply in a medium devoid of the 
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Fic. 3-15. Long-chained (rough, 1, 3, 5) and-short-chained (smooth, 2, 4, 6) forms 
of a Streptococcus, illustrating colony form and cell division. [From Bisset, Journal 
of General Microbiology, 2, 129 (1948) .] 


amino acid methionine and the vitamin biotin. A second mutant (b) could 
develop in the absence of the two substances named above but required 
the addition of the amino acids proline and threonine to a simple medium 
before growth took place. When mutants a and b were inoculated simul- 
taneously into broth and transfers made from the mixed culture to an agar 
medium lacking all four substances, a few colonies did develop. Evidence 
of this nature, and analogies with higher forms, suggested the existence of 
a sexual phase, in which, for example, the genes controlling the synthesis 
ef biotin and methionine in mutant b could be transferred to mutant a 
with the production of a cross which could develop in the absence of 
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Fic. 3-16. Schematic and photographic illustrations of ce 
rough (B) variants. 


ll division in smooth (A) and 


[From Bisset, Journal of General Microbiology, 2, 83 (1948).] 
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biotin, methionine, proline, and threonine, the latter two genes being 
originally present in mutant a. Recombination of genes controlling the 
synthesis of a number of compounds essential for growth and of genes 
controlling the susceptibility of the cells to the lytic activity of bacterio- 
phage (see Chap. 14) have also been noted. 

We have considered the general cytology of bacteria and certain char- 
acteristics peculiar to these forms of life. Information concerning the 
nature and structure of bacteria has increased to a considerable extent in 
recent years, and the healthy interest exhibited at the present time con- 
cerning the nature of bacteria suggests that it may be possible in the near 
future to define and describe the bacteria in more accurate terms. It is 
desirable to realize that our knowledge is imperfect and incomplete, and 
we should remember that ideas advanced today may change with the 
morrow’s developments. At this time it might be well to compare what 
we have considered concerning the nature of bacteria with the general 
nature of other microorganisms. 
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CHAPTER 4 


THE PROTOZOA AND ALGAE 


We have defined microorganisms as forms of life too small to be readily 
visible with the naked eye, whose distinguishing characteristics become 
evident only with the aid of a microscope. Microbes differ greatly in size, 
structure, and mode of life, but they all share an apparently simpler 
structure and a smaller size than the plants and animals with which we 
are more familiar. 

We have considered in a general way the structure of the smallest 
microorganisms, the bacteria, but before we proceed to a more detailed 
study of the bacteria, it is well to review the general characteristics of the 
various types of microorganisms ordinarily considered in a course in gen- 
eral biology. Water, to which some hay has been added, will abound 
after a few days in a variety of microorganisms—bacteria, algae, and 
protozoa. The protozoa and algae can, as a rule, be readily differentiated 
from the bacteria on the basis of size and the protozoa from the algae by 
the presence of chlorophyll in the latter group of organisms. There are 
exceptions to these general statements, and some organisms do exhibit 
plant-like characteristics in one phase of growth, animal-like in another, 
thus complicating attempts at classification. 

The majority of plant forms possess the photosynthetic pigment chloro- 
phyll, with the aid of which they are able to obtain energy from light for 
the ultimate conversion or reduction of carbon dioxide to organic matter, 
probably a carbohydrate, which serves as a source of organic building 
material for other syntheses carried out by the plant. Carbon dioxide, 
water, and inorganic salts serve as the initial building materials of the 
plant cells and are absorbed from their environment. This absorption of 
relatively simple inorganic compounds from aqueous solution is char- 
acteristic of plants and is spoken of as holophytic, or plant-like, nutrition. 
The diet of the higher plants is wholly inorganic in character, considering 
carbon dioxide and the salts of carbonic acid as inorganic compounds, and 
such organisms are said to be autotrophs, or autotrophic cells. This term 
implies that the plants are self-sufficient in that they do not require an 
external source of organic foodstuffs as do the animals. The energy for | 
the reduction to cellular material of carbon dioxide by hydrogen from 
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water is trapped from light by means of the chlorophyl) system, so that 
plants in general can live completely independent of other forms of life 
as long as light and essential salts, water, and carbon dioxide are available. 
All members of the animal kingdom, with a few exceptions, are able to 
ingest solid masses of food and in the process of digestion convert the raw 
foodstuff into soluble substances which nourish the cells of which the 
animal is composed. Both energy and building materials are obtained 
from the compounds absorbed from the digestive tract. This type of 
nutrition is spoken of as holozoic, or animal‘like. The energy for the 
synthesis of cellular material and for the various functions of the organism 
is obtained during the oxidation of the ingested foodstuffs or products of 
their digestion. Animals are not as independent of other forms of life as 
the plants, since the animals must be continuously provided with organic 
matter obtained either from other animals which have fed upon plants or 
from the plants directly. The few species of animals unable to ingest 
matter in bulk must obtain all their food and building material by absorp- 
tion from aqueous solution, in a manner analogous to the plants. Such a 
mode of animal nutrition is termed saprozoic. Actually the majority if 
not all of the cells comprising the animal body are saprozoic in nutrition, 
the digestive system of the animal providing foodstuff in solution for the 
individual cells, the term holozoic referring to the over-all picture. 
Holophytie nutrition in the respect that foodstuffs must be in solution 
is one characteristic of the fungi—yeasts, molds, and bacteria—which 
links them closely to the vegetable kingdom. Yet carbon dioxide does 
not serve as the sole source of carbon for most species of these fungi, and 
likewise but few species are able to utilize the energy of light. A few 
species of bacteria are autotrophic in their nutrition, being able to live 
and multiply on a wholly inorganic dict, some obtaining their energy 
from the oxidation of inorganic matter, others from light, and their carbon 
frorn carbon. dioxide or carbonates. Most species are heterotrophic, i.e., 
they obtain their carbon and energy from organic matter in solution, a 
type of nutrition like that of the saprozoic organisms, or cells in general; 
but since these forms of life are classified in the plant kingdom, their 
nutrition is said to be saprophytic. Fundamentally there is no difference 
between saprozoic and saprophytic nutrition except that organisms classi- 
fied as animals are considered in the first term, as plants in the latter. 
Saprozoic or saprophytic nutrition is carried to the extreme limit in the 
parasites, plants or animals, which are dependent upon a particular host 
for their maintenance. As we shall consider later, parasites which pro- 
duce damage in their host are termed pathogens, a term indicating that 





they produce suffering. 
Fungi are generally considered to be members of the plant rather than 
the animal kingdom because plants and fungi tend to possess a rigid cell 
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wall, to synthesize and store starch rather than glycogen, to possess 4 
simpler cell structure than animal cells, and to be nonmotile. However 
there are exceptions to these general statements. While many fungi do 
possess cell walls composed primarily of cellulose, a substance character- 
istically of plant origin, yet some do contain chitin or chitin-like material. 
,Many fungi synthesize starch, but many synthesize glycogen, while still 
others synthesize starch- or glycogen-like substances called, respectively, 
granulose and iogen. Simplicity of structure is another general char- 
acteristic of plant cells, animal cells tending to be somewhat more com- 
plex. The fungi do appear to possess a relatively simple structure, but 
this may be due in part to inability to resolve the structures under the 
microscope. Also most animals are motile while plants in general are 
not; some fungi are motile, the majority are not. These different char- 
acteristics are not absolute but show only tendencies employed in the 
differentiation of the smaller forms of life. 

It is generally assumed that all life originated from some very primitive 
unicellular form or forms. As the course of evolution is traced backward 
from the more complex to the simpler forms, the main branches of both 
plants and animals appear to come together in the Protozoa. When 
attempts are made to trace the line of evolution further, distinctions 
between plants and animals begin to have little meaning, and the simpler 
forms are so much alike in many respects that each group shows some 
resemblance to other diverse forms. This difficulty comes to an extreme 
in the bacteria. Some regard bacteria as products of retrograde evolu- 
tion—degradation—from somewhat higher forms of life; others consider 
them to be indicative of the earliest forms of life on the earth. 

We have seen that it is difficult to define the bacteria and also to classify 
them definitely either as plants or as animals. No wonder that years ago 
Linnaeus assigned them to the order chaos! Classification is man-devised 
and is for convenience in studying the various forms of life. Bacteria 
may belong in a buffer state between the plant and the animal kingdoms 
just as the filtrable viruses appear to belong to a buffer state between the 
animate and the inanimate world. However the bacteria do exhibit many 
of the characteristics commonly associated with the vegetable kingdom, 
and therefore they are commonly considered as belonging to that king- 
dom. There is much we can learn about them, whether they are plants, 
animals, or neither, and some of the interrelations between the bacteria 
and other forms of life will become more evident as we proceed with our 
study of microorganisms. 

In the classification and naming of microorganisms the principles em- 
ployed in systematic botany and zoology are commonly used as a guide. 
The actual use of these principles as applied to the bacteria will be con- 
sidered in Chaps. 6 and 15, but before proceeding to a consideration of 


THE PROTOZOA AND ALGAB 81 


the various groups of microorganisms, it might be well to review briefly 
the general terms which denote the rank of the different taxonomic 
groups. According to established procedures every individual is assigned 
to a species, every species to a genus, every genus to a tribe (when neces- 
sary—tribes are not always employed), every tribe to a family, every 
family to an order, every order to a class, every class to a division (the 
term phylum is frequently employed instead of division), and every di- 
vision to the plant or animal kingdom. For further classification it is 
frequently necessary to subdivide the various ranks. This is done by 
adding the prefix swb- to the rank being subdivided. This subclass de- 
notes a group of organisms intermediate between a class and an order, 
etc. Variations within a species or subspecies may be distinguished by 
an additional subrank, variety. Classification according to the different 
ranks can be summarized, together with the suffix indicating the rank, as 
follows: 


Suffix 
KINGDOM 
DIVISION (or PHYLUM) 
Subdivision 
CLASS 
Subclass 
PTT LE Te Go a. ny es Mack cS LTRS es -ales 
CTC GLa Se el aes ae he i gee OAs ae ghGis S wie 4a olsen .. -Ineae 
ARE; Vie EET Te eee en Pee Tap ere ana Meat eas -aceae 
Sbitanlly We abet eo a eae ee TN em ce Aen Meals ae -oideae 
Tih eee fe ad. ca Le PROD ERAN Ee eg ORR Se, See: -eae 
SOT EHTE TIN ate ott eter naa Rae en tadisne eee oats epee G -inea 
GENUS 
Subgenus 
SPECIES 
Subspecies 
rn Variety 


INDIVIDUAL 


Names of species are, or should preferably be, binary combinations 
consisting of the name of the genus followed by a single specific epithet. 
For example, the name Escherichia coli means that this bacterium belongs 
to the genus Eecherichia and the species colt. The generic name in this 
example was derived from the name of the discoverer of this organism and 
the species name from the fact that the organism is a common inhabitant 
of the colon. The generic name should always begin with a capital letter 
while the species name is not capitalized, although it is permissible but not 
desirable to capitalize the species name when the species is named after 
an individual. The names employed are of Latin origin or should be 
Latinized. An organism Micrococcus pyogenes var. aureus would be con- 
sidered as with Escherichia coli, to belong to the genus Micrococcus and 
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species pyogenes with the additional qualification that it belongs to the 
variety of Micrococcus pyogenes known as aureus. The name given (in 
complete descriptions) after those of the genus and species 1s the name of 
the author publishing the name of the organism, €.g., Thiobacillus thio- 
parus Beijerinck signifies that Beijerinck named the organism. 


THE PROTOZOA 


In structure the different species of the phylum Protozoa are probably 
more complex than the other microorganisms included in the study of 
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Fic. 4-1. Illustrations of typical protozoa. (From “Biology: The Science of Life,” by 
MacDougall and Hegner, McGraw-Hill Book Company, Inc., New York, 1943.) 


microbiology, and except for the fact that a limited number of protozoa 
are pathogenic, they might not be mentioned in a course in general bac- 
teriology. But certain of these tiny animals do share a number of char- 
acteristics with at least one order of the bacteria, and a brief review of 
their more important characteristics might not be amiss. The protozoa 
are classified in the division or phylum of the animal kingdom termed 
Protozoa, which is generally divided into five classes as follows: 


Class 1. Sarcodina, or Rhizopoda, motile by means of pseudopodia 

Class 2. Mastigophora, or Flagellata, motile by means of long, whip-like processes, 
called flagella 

Class 3. Sporozoa, immature forms may be motile by means of pseudopodia; male 
gamete is flagellate , 

Class 4. Ciliata, or Infusoria, motile by means of short, bristle-like processes called 
cilia 


Class 5. Suctoria, young forms have cilia, while adult forms develop tentacles 


The Sarcodina. In elementary biology the amoeba are usually con- 
sidered as the simplest form of animal life. An amoeba consists of a 
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single continuous mass of protoplasm differentiated into a glossy outer 
layer, the ectoplasm, und an inner portion, granular and more differ- 
entiated, the endoplasm. Within the endoplasm a nucleus and a con- 
tractile vacuole can be observed. When an amoeba is at rest, it may be 
round in form, but the living cell is usually in motion. Since this motion 
is produced by a sort of flowing of the protoplasm into portions of the 
cell which are projected as finger-like processes called pseudopodia, the 
amoeba are constantly changing form. This indicates that there is no 
rigid cell wall. 

Amoeba in general feed upon other microorganisms, which they are 
able to engulf. When a mass of food is encountered by an amoeba, one 
or more pseudopodia wrap themselves around it, flow together, and take 
the food into the cell. Here it is contained in a droplet of water, and into 
this vacuole digestive juices are secreted. Hence the amoeba provides 
itself with a stomach as banquet conditions demand. The products of 
digestion are absorbed and waste products excreted, a typical example 
of holozoic nutrition. The contractile vacuole appears to function pri- 
marily in maintaining the water balance between the cell and its environ- 
ment, and its function may be similar to that of the urinary apparatus of 
higher animals. We should bear in mind that in the amoeba or in higher 
animals the nutrition of the bulk of the cell in unicellular forms or of the 
individual cells in higher forms is saprozoic, the digestive apparatus of 
animals converting the foodstuff into soluble matter utilizable by the rest 
of the organism. Hence, ultimately the nutrition of the individual cell, 
plant or animal, is essentially similar in that nutrient soluble material is 
essential. It is also becoming apparent from studies in comparative bio- 
chemistry that the chemical reactions involved in maintenance and growth 
of all forms of life are also very similar in their essential characteristics. 
There appears to be a greater unity throughout nature than was apparent 
in earlier years. 

The reproduction of an amoeba is relatively simple, the nucleus divid- 
ing into two parts, following which the cell itself separates into two parts, 
each with a nucleus. In the amoeba we have multiplication by binary 
fission, and it is an asexual process. After a number of generations an 
amoeba may come to rest in a rounded form and develop a cell wall, 
resulting in a form known as a cyst, which is more resistant to environ- 
mental factors. Encystment is more common in the parasitic species 
than in the free-living forms. Most species are free-living, and many 
may be found in hay infusion. A few amoeba are parasitic, and one 
in particular, Endamoeba histolytica, is pathogenic for man, being the 
causative agent of amoebic dysentery. 

The Mastigophora. Many different kinds of protozoa, both on the 
basis of structure and of mode of life, are classified as Mastigophora since 
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they all possess the same type of organs of locomotion, flagella. The 
flagella are long whip-like processes originating in a blepharoplast (or 
basal granule) within the cytoplasm of the cell. They generally arise 
from the front or anterior end of the cell and by an active vibration or 
by lashing about serve to pull the organism forward. The cell structure 
of the flagellated protozoa tends to be more complex than that of the 
amoeba, and many of the flagellates possess distinct structures or special- 
‘zed areas which serve for the ingestion of food particles or the excretion 
of waste materials. 

The majority of the flagellates are definitely holozoic in their mode of 
nutrition, but some forms possess chlorophyll in bodies known as chloro- 
plasts. Those definitely holozoic in nutrition are frequently classified as 
Zoomastigina, those possessing chlorophyll and holophytic in nutrition as 
Phytomastigina. Little difference in structure can be noted between the 
two subclasses, and classification of the chlorophyll-free forms as animals 
and of the chlorophyll-containing forms as plants is hardly worth while. 
Also certain species are able to engulf solid food particles while others 
employ only foodstuff in solution. 

Reproduction is by binary fission in most species, and in contrast to the 
rod-shaped bacteria, division occurs in the plane of the long axis, i.e., 1s 
longitudinal rather than transverse. Following cell division the two in- 
dividual cells become completely separated. However, in some species 
the cells tend to remain together, either as free-swimming masses of cells 
or as masses attached to submerged material. These masses of cells, or 
colonies, are held together by a gelatinous secretion, and they are consid- 
ered to be aggregates of individual cells rather than single multicellular 
forms, because there is no apparent differentiation of the mass into col- 
lections of cells or tissues possessing different functions or structures. 
However, in a few species there appears to be an elementary differentia- 
tion within the colony, since one or more of the cells may undergo multiple 
rather than binary division, giving rise to more than two cells. Other 
cells in the same colony may become greatly enlarged and serve as ova to 
which the small, actively motile cells formed by multiple division migrate 
and with which they then fuse. After this fertilization of the female cell 
by the male cells, the large cell may develop a new eolony. Here, then, 
we may have asexual or sexual reproduction within the same species and 
a degree of differentiation within the colony into vegetative and repro- 
ductive cells. Encystment is also noted in the Mastigophora. Some 
workers suggest that the flagellates may have been primitive forms 
from which all higher forms of life could have evolved, and even possibly 
simpler forms by retrograde evolution. In the flagellates differentiation 


between plants and animals and between unicellular and multicellular 
forms becomes difficult. 
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Flagellated protozoa are widely distributed in nature and may be found 
in hay infusions in a variety of forms. Certain photosynthetic species 
are of considerable importance in the oceans, as they serve as a source of 
food for higher animals including fishes. Other forms occur in fresh 
water and in the soil while a few species are parasitic and pathogenic, 
Trypanosoma rhodesiense and related species producing sleeping sickness 
and Leishmania donovani and similar forms being responsible for certain 
ulcerative conditions. Many of the pathogenic forms undergo several 
stages in their development, some of the stages in their vertebrate host, 
the others in an invertebrate host, and hence the infections are frequently 
insect-borne. 

The Sporozoa. The protozoa included in this class are parasitic forms 
which possess a somewhat simpler structure than the majority of the 
microanimals, simplification of structure probably resulting from their 
dependence upon a host for their existence. As regards nutritional char- 
acteristics these forms are primarily or entirely saprozoic, and hence there 
is no need for a complex food-ingestion apparatus or digestive vacuoles. 
Certain species show amoeboid movement during a period of their life 
cycle, but in general they do not possess specialized organs of locomotion, 
with the exception that male gametes may be flagellated. 

Two general modes of multiplication, sexual and asexual, are involved 
during the life cycle of Sporozoa. A cell may undergo segmentation, 
schizogony, with the formation of a number of offspring, and this asex- 
ual mode of division permits rapid multiplication of the species to 
occur within the host. Cells multiplying by segmentation are called 
trophozoites. In some manner certain of the cells become differentiated 
from the majority of the trophozoites, giving rise to gametes, which fuse, 
and the fusion body divides with the formation of a different form of the 
species, the sporozoite. This phase of multiplication in the life of the 
parasite is termed sporogony and is sexual in character. Certain species 
of Sporozoa undergo sexual reproduction in one host, asexual reproduc- 
tion in a different host species, while other species may multiply by both 
methods in the same host. The malarial parasites multiply by schizogony 
in man, by sporogony in the mosquito. A number of days are required 
for the completion of the life eyele in the mosquito before the parasite 
becomes reinfective for man. Sporozoites produced in the mosquito are 
transmitted in its saliva to man when an individual is bitten by the in- 
fective insect. In man the sporozoites undergo change with the forma- 
tion of trophozoites, and. these multiply by schizogony in the human host. 
The malarial parasite is not transmissible directly from one individual to 
another except in rare instances when the blood of an infected individual 
is transfused into a noninfected person. Other species of Sporozoa may 
complete their life cycle in one host, the sporozoites being discharged from 
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the host encased in a protective covering which gives them a spore- or 
cyst-like appearance or structure. These more resistant or spore-like 
forms remain dormant until they enter another member of the host 
species, generally via food or water in human parasitic forms, where they 
transform into trophozoites. 

The Ciliata. In this class there is a marked tendency for the cell to be 
differentiated into a number of specialized parts, organelles, analogous to 
organs in multicellular forms. The Ciliata are characterized by the pos- 
session of cilia, relatively short bristle-like processes distributed over the 
surface of the cell, whose function is to propel the cell. Propulsion is 
accomplished by a backward lashing movement of the cilia somewhat 
analogous to the propulsion of a boat by means of oars, as contrasted with 
the more propeller-like traction of the flagellates. Each cilium arises 
from an end plate directly under the surface of the cell. While the cells 
of a particular species generally maintain a definite, characteristic shape, 
they are able to undergo considerable deformation, and hence the cell 
membrane appears to be somewhat more elastic than that of the bacterial 
cell. Multiplication is primarily by fission although sexual reproduction 
may also be observed. 

Typical members of the Ciliata are found in the genus Paramecium, 
which is familiar to all students of biology. Paramecia ordinarily are 
found in hay infusion, along with other protozoa. The oral groove run- 
ning diagonally across one side of the cell of a paramecium serves as a 
food-collecting structure, and it leads to a short, funnel-like opening into 
the cell known as the gullet. Water droplets bearing food particles, gen- 
erally organisms considerably smaller than the paramecium, enter the cell 
through the gullet with the formation of a vacuole within the cell. These 
vacuoles follow a definite pathway through the cell and during their 
migration serve as organs of digestion, hydrolytic enzymes in particular 
being taken up from the cell proper and products of digestion within the 
vacuole being absorbed by the protoplasm of the paramecium. Here 
again we see that the cell as a unit is holozoic but that the nutrition of 
much of the cell is saprozoic. Undigested material is excreted from the 
cell when the vacuole reaches the anal opening, the end of its path of 
migration through the cell. Hence the paramecia have “self-forming, 
migratory organs of digestion” and a definite structure for the elimina- 
tion of undigested material. Other structures, contractile vacuoles, are 
involved in the maintenance of the water balance between the cell and its 
environment and possibly also in the elimination of waste products. 
ge nomen viat the teats 
rican shisht ts oe 8 ec : eae the metabolic activities 
ro ie je : - vucleus, which apparently bears the hered- 

ary s of the species. When a paramecium divides, both nuclei 
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undergo division preceding division of the cell, which is accomplished by 
transverse fission, 1.e., at right angles to the long axis, instead of along this 
axis as in the flagellates. Division of the macronucleus is accomplished 
by elongation of this body followed by a constriction which separates the 
nucleus into two halves. This relatively simple mode of nuclear division 
is said to be amitotic in contrast to the more complex, ordinary mode of 
nuclear division by mitosis. Division of the micronucleus, as is also true 
for the nuclei of other protozoa, is mitotic in character. Multiplication 
is for the most part asexual, but after a number of generations two cells 
may conjugate, a specialized process in which the two cells are united by 
a narrow tubular bridge. Rather complex changes occur in the micro- 
nuclei of the conjugated cells, while the macronucleus does not appear to 
be involved in the process and, in fact, disappears. Ultimately the two 
cells are cross-fertilized, separate, and the micronucleus in each is involved 
in a series of divisions resulting in the formation of new macronuclei and 
micronuclei. Following a series of cell divisions, each cell ultimately 
contains but one micronucleus and one macronucleus. This process, 
analogous to changes observed in sexual reproduction in higher forms of 
life, does not appear to be absolutely essential for the propagation of the 
species since many species may be carried through numerous generations 
without any evidence of conjugation. 

The Ciliata are structurally highly complex unicellular forms when 
compared with the amoeba and bacteria. The majority of the species 
are free-living forms and are widely distributed in nature although there 
are a few species which are parasitic. Balantidiwm coli, an intestinal 
parasite of hogs, is the only ciliate which appears to be pathogenic for 
man. 

The Suctoria. These organisms, often included under the Ciliata, are 
the most complex members of the Protozoa. They exhibit two distinct 
growth phases, the young cells being free-living, ciliated forms which 
later become attached to a solid object, lose their cilia, and develop ten- 
tacles. The tentacles are long tubular processes with a swollen extremity 
to which food particles, generally ciliates, become attached. The food- 
stuff is sucked through the tentacle into the body of the cell. Reproduc- 
tion is mainly by budding in a manner somewhat analogous to yeast. 
The buds are pinched off the parent cell, develop cilia, and enter the 
motile phase of the growth cycle. The Suctoria are for the most part 
free-living forms. 

It is apparent that the phylum Protozoa is composed of widely diverse 
microorganisms having in common the unicellular state and a predomi- 
nance of so-called animal characteristics over plant characteristics. Some 
of these organisms approach in complexity the multicellular state, while 
others are relatively simple forms of life. The majority are free-living 
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forms whose natural habitat is water; a number of species are found in 
the soil, and a still more limited number are parasitic in or upon plants 
and animals. The more common forms pathogenic for man are listed in 
the key below, together with a greatly abridged general description of the 
organism and mention of the infection produced. 


Key to tHE More ImMporTanT PROTOZOA PATHOGENIC FoR MAN 


I. Motile by means of pseudopodia. Sarcodina 

1. Endamoeba, cysts contain no more 
than four nuclei 

Rigtolyttes <6. 5 vod aks exit ea nes alee 


II. Motile by means of flagella. Mastigophora 

A. Elongated, spindle-shaped, flexible cells 

1. Trypanosoma, generally four develop- 
mental stages 

gambiense, rhodesiense............- 

CPUS CU irs oe ee Aes a oe 


CQUADETAUIB Ds ow yscious nie hin nd SORES 

2. Leishmania, similar to Trypanosoma, 
two developmental stages 

AGNOUVANG. ...5..6 tok anh d Peo 

LVOTROG Sian ihes rsa bance sek ee 

bravilenses ss) ass oak oes 


III. Motile by means of cilia. Ciliata 
A. Parasitic in intestinal tract 
1. Balantidium, large ovoid cell com- 
monly parasitic in swine 
COU. IS aitscinn Mae Cece ete een 
IV. Strict parasites with complex life cycle, 
asexual reproduction by multiple fission 
(schizogony), alternating with sexual repro- 
duction (sporogony) to give infectious spo- 
rozoites, immature stages motile by pseudo- 
podia, male gametes flagellated. Sporozoa 
1. Plasmodium, part of life cycle in man, 
part in mosquito 
malariae, vivax, falciparum, ovale. . 


THE ALGAE 


Amoebic dysentery. May also in- 
vade body and _ infect liver, 
lungs, and other organs 


African sleeping sickness 
Charga’s disease in Brazil, an 

infection similar to above 
Equine syphilis (dourine) 


Kala azar (black fever) 

Oriental sore 

Similar to Oriental sore, but infec- 
tion tends to spread to greater 
extent 


May cause a mild dysentery in 
man 


Malaria 


Bacteria, yeast, molds, and the higher fungi are classified as “simple 
plant forms which do not possess chlorophyll.” They were (see Chap. 6) 
included together with the algae, which do contain chlorophyll, in the 
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phylum or division Thallophyta of the plant kingdom. The thallophytes 
are plant forms which show no differentiation into roots, stems, or leaves 
in contrast with the moss-like plants, Bryophyta; the fern-like plants, 
Pteridophyta; and the seed-bearing plants, Spermatophyta. The Thallo- 
phyta is the only group of plants generally included in the study of 
microbiology. 

The algae comprise a subphylum of the Thallophyta termed the Algae, 
while the various rusts, smuts, mushrooms and related forms, yeasts, 
molds, and bacteria form the second subphylum, the Fungi. The algae 
are generally divided into five classes: 


Class 1. Diatomaceae (Chrysophyceae), the diatoms or yellow algae, sometimes classi- 
fied in Class 4 

Class 2. Cyanophyceae, the blue-green algae 

Class 3. Chlorophyceae, the green algae 

Class 4. Phaeophyceae, the brown algae 

Class 5. Rhodophyceae, the red algae 


The fungi may be further subdivided into the Humycetes, or true fungi 
(yeasts, molds, and higher forms), and the Pseudomycetes, or false fungi 
(bacteria and slime molds). Their classification and general morphology 
will be considered after the algae and also in subsequent chapters. The 
fungi appear to be of most importance to man as they are directly respon- 
sible for the maintenance of soil fertility, the disposal of waste matter, the 
spoilage of food and in other instances its preservation or improvement, 
and finally as the cause of various diseases of man or other animals or 
of plants. But the algae are also of great value to us as individuals, for 
while the grasses and grains serve as food for our meat-providing animals, 
the algae are as important as forage plants for both fresh- and salt-water 
fish. In addition they can cause trouble by their presence in water sup- 
plies to which they impart disagreeable odors and tastes, and by enriching 
the organic content of the water, enhance the possibility of survival of 
pathogenic organisms which may gain entrance to the water supply. 

We have considered that certain of the flagellated protozoa are plant- 
like, or holophytic, in their nutrition; in particular, those species which 
possess chlorophyll are very closely related in their nutritional character- 
isties to the photosynthetic plants. These organisms may be considered 
as transition forms between the plant and animal kingdoms. 

The Chlorophyceae. Some of the simpler types of the chlorophyll- 
possessing flagellates exhibit two growth phases. In the phase (palmella) 
most suggestive of plant life, the flagellates lose their flagella and surround 
themselves with a gelatinous secretion. This process appears to resemble 
encystment, but actually the cells are still growing and dividing and in 
time give rise to a colony of nonmotile cells enclosed within a jelly-like 
sheath. This, to the botanist, represents a plant, but from it flagellated 
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Fic. 4-2. The Thallophyta. (From “Biology: The Science of Life,” by MacDougall 
and Hegner, McGraw-Hill Book Company, Inc., New York, 1943.) 


cells may break away to serve as reproductive bodies for maintaining and 
scattering the species. 

There is a wide variety of forms included in the green algae, and these 
are classified primarily according to the character of the reproductive 
cells, whether the forms are unicellular or multicellular, and by the form 
and arrangement of the chloroplasts within the cells. Small bodies 
known as pyrenoids may be observed within the chloroplasts, and these 
appear to be composed of a central proteinaceous granule surrounded by 
starch, and their function appears to be that of a center of starch syn- 
thesis. Synthesis of starch and the possession of cellulose walls link 
many of the green flagellates closely with the plant kingdom. Also the 
filamentous types of growth of some of these green algae, with or without 
the formation of cross walls in the individual threads or filaments. bear 
resemblance to those of the filamentous fungi. 

The Rhodophyceae and Phaeophyceae. These algae for the most part 
cannot be considered as microorganisms since many of them form macro- 
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scopic plants, some reaching a length of several hundred feet; yet they do 
not possess well-developed roots, stems, or leaves. They may have origi- 
nated from the green algae but differ from them in the possession of vari- 
ous pigments in addition to chlorophyll, in their larger size, and generally 
in more complicated modes of sexual reproduction. Some of the multicel- 
lular forms are actually a mass of more or less independent forms clinging 
together, and a single cell by simple fission can give rise to the establish- 
ment of a new plant. Certain of the red algae are of fundamental impor- 
tance to the bacteriologist as they serve as the source of agar-agar, the 
jelly-like base of most of our solid media. 

The Diatomaceae. The Diatomaceae—or Chrysophyceae, or Bacil- 
lariaceae, as they are also known—differ from the green algae in that they 
possess the yellow pigment, xanthophyll, in addition to chlorophyll in 
their chloroplasts. This gives rise to a yellowish appearance on the part 
of a group of cells. They also differ in that they appear to synthesize and 
store an oil as a reserve food product in place of starch. Most of the 
yellow algae are unicellular, and a few species are animal-like in their 
characteristics and hence claimed by both botanists and zoologists. One 
group of yellow algae, the diatoms, is characterized by the formation of 
siliceous shells. Upon death of the individual cell these shells settle to 
the bottom of the body of water, and enormous deposits of this material— 
diatomaceous earth—have been uncovered at various places. Diatoma- 
ceous earth is used to a considerable extent as a polishing powder and is 
also a base of certain bacteria-retaining filters employed in the labora- 
tory, particularly for the removal of bacteria from culture media and in 
the study of filtrable viruses. The diatoms may float free in the water 
or may grow attached to other material by means of a gelatinous stalk 
formed by the cells. These algae, directly or indirectly, serve as a highly 
important food for fish in the oceans. 

The Cyanophyceae. The blue-green algae, sometimes called Schizo- 
phyceae, are the simplest forms of green plant life and form a class rather 
sharply differentiated from the other algae, at the same time exhibiting 
manv characteristics of the bacteria. The blue-green algae are for the 
most part unicellular forms and are usually bound together to form 
colonies by a common gelatinous covering, or are connected to form fila- 
ments frequently enclosed within a sheath. They have become adapted 
to a wide variety of habitats, and while they are essentially aquatic 
plants, yet they may lead a semiterrestrial existence in damp places. A 
few, like the thermophilic bacteria, have become adapted to growth at 
elevated temperatures (50 to 60°C. or higher) which are inimical to the 
growth or even existence of the common plants and animals. While most 
species are photosynthetic, a few species are saprophytic in their nutri- 
tion, and certain of these forms are semiparasitic upon higher aquatic 
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plants or animals. These algae grow free or attached to rocks or aquatic 
plants, the free or floating forms comprising the bulk of the vegetable 
plankton of fresh water. Under favorable conditions they multiply 
rapidly, giving rise to a green scum on small bodies of water. 

The blue-green algae differ from the green algae in that their chloro- 
phyll is not contained in chloroplasts but instead is diffused, along with 
other pigments, throughout the protoplasm. The bluish color of many 
species is due to the presence of the pigment phycocyanin, but other pig- 
ments can also be present and give rise to brown, olive, or yellow forms. 
Various granules of reserve food materials are present within the cells 
of many of the species. One widely distributed type of granule, volutin, 
composed of nucleic acid, is also found in some species of green algae, in 
diatoms and protozoa, and particularly in yeasts and in certain bacteria. 
Carbohydrate is stored in the form of glycogen rather than starch, a char- 
acteristic of fungi or animals rather than plants, and oil droplets are also 
commonly encountered. When these algae multiply to a considerable 
extent in water supplies, they cause disagreeable odors, primarily owing 
to their oil content. They can be controlled by the addition of minute 
amounts of copper sulfate to the water supply. 

Reproduction of the blue-green algae, like that of the bacteria, appears 
to be primarily asexual and is almost exclusively by simple cell fission. In 
some species, certain cells pass into a resting stage characterized by an 
enlargement of the cell with the development of a heavy cell wall and an 
accumulation of reserve food material. As with the spores of bacteria, 
these spore-like structures do serve not as a means of reproduction but 
rather as a resting stage. There is no distinct nucleus in the blue-green 
algae, in contrast to the more readily apparent nuclei observed in the 
other classes of the algae. There is, however, a rather poorly differen- 
tiated central body which stains more deeply than the bulk of the cell, 
and this is generally regarded as a rudimentary or inctpient nucleus. 

The blue-green algae appear to have more in common with the bacteria, 
other than the possession of chlorophyll, than they do with the other 
algae, although some forms of the Rhodophyceae are rather closely related 
to certain species of the Cyanophyceae. Neither of these classes of algae 
contain any species possessing flagellated forms at any stage of their exist- 
ence, while flagellated forms can be found occasionally in species of the 
other three classes. The Cyanophyceae have been placed with the bac- 
teria in a separate class in a proposed classification (see Chap. 6). 


CHAPTER 5 


THE TRUE FUNGI 


We have just considered that the thallophytes include the fungi, in 
addition to the algae. The subphylum Fungi has been divided into six 
classes as follows (for proposed new classification see Chap. 6): 

Class 1. Phycomycetes, alga-like fungi 

Class 2. Ascomycetes, the sac fungi 

Class 3. Basidiomycetes, the club fungi 

Class 4. Fungi Imperfecti (Hyphomycetes), a heterogenous group 
Class 5. Myxomycetes, the slide molds 

Class 6. Schizomycetes, the fission fungi or bacteria 


In the above classification the first four classes represent the true fungi 
or Eumycetes. The Myxomycetes consist of a borderline group of or- 
ganisms, protozoan in character during the vegetative stage of their exist- 
ence (classified as Mycetozoa by the zoologists) but reproducing by 
spores borne on stalks in a manner analogous to that observed with many 
fungi. They comprise an interesting group of organisms and afford an- 
other opportunity for illustrating similarities between the simpler plant 
and animal forms. However these organisms were mentioned under the 
microanimals and will not be considered further. 

The Eumycetes are either unicellular or multicellular forms, although 
single cells in the form of spores do occur in some stage of the life history 
of the multicellular forms. These fungi tend to produce an intertwining, 
thread-like mass of vegetation called a myceliwm, although in a few forms 
this mycelial type of growth is rarely if ever encountered. This is par- 
ticularly true with the yeasts, which might be regarded as retrograde 
fungi in that they appear to have lost the ability possessed by their 
ancestors of producing a mycelial type of growth. 

The algae are considered as primarily holophytic, photosynthetic 
(energy obtained from light) forms of plant life, while most fungi are 
devoid of chlorophyll and lead a saprophytic, chemosynthetic (energy 
obtained from oxidations) type of existence. In contrast to the algae, 
which are primarily aquatie forms, the fungi for the most part are ter- 
restrial in habitat. While the majority are saprophytic in nutrition, a 
number of species are parasitic on plants and to a lesser extent on animals, 
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either as simple parasites or as pathogenic agents. Many of the fungi are 
able to attack solid foodstuffs but, being unable to ingest them, must 
therefore secrete digestive enzymes which hydrolyze the food particles 
into simpler molecules absorbable by the cell. The amoeba creates its 
own stomach as need arises; the fungus borrows its own environment as 
a place of partial digestion. Some of these excreted enzymes are em- 
ployed by man, one enzyme, diastase, being incorporated into certain 
types of fondant where, under a chocolate cover, it breaks down higher 
sugars into a semiliquid form with the production of a delectable con- 
fection. 

The smaller, true fungi are popularly divided into two groups, the 
yeasts and the molds, but neither of these terms has real scientifie sig- 
nificance. There is a tendency to consider the molds as multicellular 
microscopic forms and yeasts as unicellular forms, but this is not entirely 
true and both yeasts and molds are classified together in at least two 
classes of the Fungi, some species being multicellular under certain con- 
ditions, unicellular in others. For convenience only, we shall first con- 
sider those organisms commonly considered as molds and then proceed to 
a general discussion of the yeasts. 


THE MULTICELLULAR FUNGI 


General Structure. The multicellular Fungi are commonly character- 
ized by a nucleated mass of thread-like or filamentous structures, the 
hyphae (singular, hypha), which intertwine to form the mycelium, or 
nonreproductive part of the plant. In many instances the mycelium can 
be differentiated into two main parts: (1) the vegetative hyphae which 
burrow into the material upon which the fungus is growing and whose 
essential function appears to be the procurement of nutrient material, and 
(2) the reproductive hyphae which generally extend into the air and upon 
which the asexual spores are borne. 

In some fungi the hyphae are continuous threads with no apparent 
cross walls, nuclei being scattered throughout the length of the hyphae. 
Such forms are said to be nonseptate, or coenocytic. The cytoplasm may 
appear homogeneous in the young hyphae, but vacuoles and granules of 
various reserve food materials, possibly glycogen, volutin, or fat droplets 
tend to appear in the older cells. In other fungi transverse walls, NK 
septa, form across the hyphae, dividing the threads into a number of 
individual cells which contain one or more nuclei. In some species the 
cells are multinucleate in one stage of development, uninucleate in 
another. 

Asexual Spore Formation. Both sexual and asexual reproduction 
occur in the true fungi, minute reproductive bodies known as spores being 
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Fic. 5-1. Schematic illustration of septate and nonseptate hyphae. 


formed by a variety of methods. The simplest mode of asexual reproduc- 
tion appears to be by fragmentation of, or by budding from, the hyphae. 
Septate hyphae in the vegetative mycelium may be constricted into a 
number of small individual cells, which separate at the cross walls. The 
cells, called oidia, set free in this manner are regarded by some workers as 
primarily growth forms rather than as spores, since they can continue to 
erow and to multiply themselves or to produce new mycelia on being set 
free from the parent plant. In general they do not have so high a resist- 
ance to inimical agents as the true spores. Others consider these cells as 
spores, and they are frequently classified as arthrospores. Oidia may be 
cylindrical, oval, or globular in shape, depending upon the species of 
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(oidia) (buds) (conidia) 


Fig. 5-2. Schematic illustration of asexual spore formation. 
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fungus producing them. In still other species, somewhat similar spores 
or growth forms are produced from the hyphae by means of a budding 
process. Bulges form on the mycelium; a bulge enlarges and constricts 
at its base with the formation of a bud. The term blastospore is at times 
employed for the cells or spores produced by the budding process. The 
bud is set free when constriction is complete, and the bud cell so formed 
may continue to grow and multiply with the formation of a new plant. 

In many species budding continues for a period of time, one or more 
daughter buds forming on the original bud and the daughter buds in turn 
continuing the process. Oidia, or buds, are formed by a considerable 
number of species in the different classes of Fungi, the degree of frag- 
mentation or of budding varying with the nature of the species and of 
the environment. For example, the causative agent of blastomycosis, an 
infection of the skin and also of the lungs, in which it produces a disease 
similar to tuberculosis, appears as a unicellular yeast-like form which 
reproduces by budding within the host or in pus but grows as a multicel- 
lular fungus with septate mycelium on artificial culture media. Certain 
species grow as unicellular forms under conditions of partial anaerobiosis 
and as filamentous forms under highly aerobic conditions, while in other 
species the reverse may hold true. 





+ & > 5 one : 
Fic. 5-3. Photomicrograph of a sporangium of Mucor mucedo. 
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True asexual reproductive bodies, spores, appear to be richer in reserve 
food materials, to possess thicker walls, and to be more resistant to inim- 
ical agents than the types of spores or growth forms described above. 
These spores are of two general types: the common spores, which are 
formed in abundance (often hundreds or thousands per plant) at the tips 
of fertile or reproductive hyphae, and the less numerous, ensheathed 
spores, chlamydospores, which usually develop within the mycelium. A 
cell becomes enriched in reserve food material, and its wall markedly 
thickens to give rise to a chlamydospore, which appears to be a resting 
stage in the life of the fungus and to be analogous to the cysts of protozoa 
or to the resting spores of the blue-green algae. 

The more common asexual spores, when produced within the cell, are 
called endogenous spores, while those produced externally at the tips of 
reproductive hyphae are called erogenous spores. Endogenous spores are 
formed when a hypha designated as a sporangiophore becomes differen- 
tiated from the rest of the mycelium to form a spore case, or sporangium, 
within which the multinucleated mass of protoplasm forms a considerable 
number of sporangiospores. Generally the sporangiophore is enlarged 
at the tip to form the columella, which lies within the sporangium and 
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Fig. 5-4. Photomicrograph of conidia and spore head of Aspergillus niger. (Courtesy 


of Eli Lilly and Co.) 
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around which the spores are located. When the sporangium is mature, 
the spores are liberated upon rupture of the sporangium wall, a portion 
of the latter and the columella generally remaining attached to the 
hypha. The spores of the terrestrial forms possess no means of locomo- 
tion and are commonly scattered by the wind or by insects. In the 
aquatic forms these asexual spores, known as zoospores, are generally 
flagellated. Endogenous spore formation is limited to the Phycomycetes, 
although a few members of this group produce exogenous spores rather 
than sporangiospores. ; 

In other classes of Fungi, exogenous spores, conidia or conidiospores, 
are characteristically produced. The term conidia is generally employed 
although conidiospores would be more consistent with sporangiospores. 
The conidiospores are formed by constriction at the tip of fertile hyphae. 
The usual method is for a hypha to develop a constriction near the tip 
followed by a second constriction below the first, and the process is con- 
tinued to form a chain of spores, the outermost conidium, which is the 
oldest, frequently also being the largest, at least until the spores are 
mature. The reverse type of spore formation is also observed, the first- 
formed conidium constricting to form another, etc., the outermost cell] 





Fic. 5-5. Photomicrograph of idi + Ds 
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in the chain being the youngest and frequently the smallest. In some 
species a conidiospore may form two buds, and the chain of immature 
spores in that manner becomes branched. In other species the conidio- 
spores, or conidia, develop as buds from the mycelium or as a cluster 
rather than as a chain at the tip of the conidiophores. With maturity 
the conidia become separated and may be set free and scattered. The, 
color exhibited by molds is for the most part due to the presence of pig- 
ments in the sporangiospores or conidiospores, the mycelium in the ma- 


jority of species being colorless. 

OF hes Spore Formation. With the exception of sporangiospore for- 
mation, the methods of asexual spore formation are not particularly 
characteristic of any class of Fungi, although types of spore-bearing 
structures or arrangements can be of help in finer classification. On the 
other hand sexual spore formation does vary characteristically with the 
different classes of Fungi. In the Phycomycetes, morphologically differ- 
entiated elements, a large female cell and a smaller male cell, fuse. The 
protoplasm of the female cell, an odgonium, contains a number of cells, 
each of which upon fertilization gives rise to an odspore. This process 
of odspore formation is heterogamous, morphologically distinct cells called 
heterogametes conjugating to form the fusion body. Since both the male 
and the female cells are produced on the same plant or thallus, the con- 
jugation is said to be homothallous. In other species of Phycomycetes, 
morphologically similar cells may fuse to give rise to the production of 
zygospores. This process is therefore one of isogamous conjugation, but 
generally the cells which fuse arise from different plants (i.e., ones that 
have developed from different spores) of the same species, and conjuga- 
tion is said to be heterothallous. While morphological differences may 
not be apparent, yet at times physiological differences between the con- 
jugating- strains can be noted and the strains are designated as plus or 
minus rather than as male or female. 

In the Ascomycetes the sexual spores are formed within a cell or sac 
which when mature is called an ascus, and the spores are designated as 
ascospores. Ascospores are formed as a result of either heterothallous or 
homothallous conjugation, usually the latter. Likewise the process may 
be either isogamous or heterogamous, the latter type predominating. In 
most species two cells unite, and the nuclei undergo three divisions with 

the ultimate production of eight ascospores within the ascus. This is in 

marked contrast to the formation of only one spore per fertilized cell as 
observed in the Phycomycetes. In some species, spore formation is not 
observed immediately after fusion, but instead a protective meshwork of 

w mycelium, a perithecium, is first formed. The ascospores develop in 


ne . . . 
rtilized cell and contained in 


other hyphae originating from the original fe 
the perithecium. 
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Fig. 5-6. Schematic illustration of conjugation of fungi. [Genetics of the Fungi, by 
C'. Lindegren, Annual Review of Microbiology, 2, 48 (1948).] 


In the Basidiomycetes sexual spore formation is heterothallous and 
isogamous. The two nuclei in the fusion cell do not fuse, and instead an 
extensive binucleate mycelium develops from the fusion cell. The tips of 
the hyphae so produced become expanded to form characteristic club- or 
pear-shaped bodies known as basidia. The nuclei fuse within the basid- 
ium and undergo two divisions to yield four nuclei. Four little stems, or 
sterigmata, arise from the end of a basidium; one nucleus enters each 
stem and is finally present in the basidiospore, which develops at the end 
of a sterigma. When mature, the basidiospores may be forcibly dis- 
charged. Basidiospores are the only reproductive bodies found in the 
mushrooms, puffballs, and bracket fungi, while in parasitic basidiomy- 
cetes such as the rusts and smuts several other types of spore formation 
can also be observed. The Basidiomycetes are relatively large in com- 
parison with the other fungi and will not be considered further. 

The majority of the Fungi Imperfecti multiply by means of conidio- 
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spores although oidia or chlamydospore formation is also observed. A 
few species produce sporangiospores and are probably Phycomycetes, or 
derived therefrom, but their method of sexual reproduction is unknown. 
The majority may have been Ascomycetes which lost their power of 
sexual reproduction; at least ascospore formation has not been observed. 
Many of the fungi employed industrially and others which are pathogenic 
to man and animals are grouped in this class. Actually it is a very 
heterogeneous group of fungi, a catchall for those which do not fit into 
the first three classes, and in many instances, as Henrici has stressed, it 
is our knowledge of these fungi, rather than the organisms themselves, 
which is imperfect. 
_ The Common Molds. We have seen that the Phycomycetes are shar- 
“acterized by a nonseptate mycelium, asexual sporangiospores borne in 
a sporangium, and sexual spore formation—in the aquatic forms by 
heterogamous, homothallous conjugation; in the terrestrial forms by 
isogamous, heterothallous fusion; in either case the fusion body giving 
rise to only one spore, an odspore or zygospore, respectively. Familiar 
examples are the water mold, Saprolegnia, which is frequently encoun- 
tered as a whitish scum upon fish which have been injured or carelessly 
handled by the fisherman; the common black bread mold, Rhizopus 
nigricans; the coarse, woolly, white “manure mold,” Mucor mucedo, and 
similar species commonly found on decaying organic matter; and Phy- 
tophthora infestans, the causative agent of a highly destructive disease 
of potatoes known as late blight. Schematic illustrations of Rhizopus 
and of Mucor species are presented in Figs. 5-7 and 5-8, respectively. The 
main distinction between these genera is that in the genus Rhizopus, the 
spore-bearing hyphae arise in clusters from the nodes of runners or 
stolons, while the sporangiophores of Mucor arise singly at any point 
in the mycelium. 

The Ascomycetes are characterized by a septate mycelium, asexual 
conidia (conidiospores) attached to the hyphae rather than enclosed in 
a sporangium, and a number of sexual spores, usually eight, produced 
within an ascus as the result of the fusion of a pair of either iso- or 
heterogametes in homo- or heterothallous conjugation, depending upon 
the species. The two most common genera are Aspergillus and Penicil- 
lium, species of which are frequently observed on decaying fruits and 
vegetables. The aspergilli are greenish, yellow-brown, or black fungi 
which bear exogenous asexual conidiospores in chains extending from the 
ends of a large number of little stalks, sterigmata, arising from a club- 
like swelling, the vesicle, at the end of fertile hyphae. These conidio- 
phores are nonseptate and arise from specialized, swollen foot cells in the 
septate mycelium. Penicillia are similar in appearance, but the conidio- 
phores do not arise from specialized cells, are septate and end in a whorl 
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Fic. 5-7. Schematic illustration of the genus Rhizopus. 


of short branches, metulae, each of which bears anothe: whorl of smaller 
branches, sterigmata, from which the chains of conidia extend. The spore 
heads of Penicillium species appear much looser than those of Aspergilius 
and are brush-like in appearance, the name Penicillium indicating a 
brush-like appearance. Aspergillus niger is the most common species and 
is frequently encountered as a contaminant in the laboratory, its large, 
very black, globular spore heads being quite characteristic. Penicillium 
expansum, a blue-green mold frequently observed on the skin of apples 
and citrus fruits, is a common species. Other species of general interest 
are P. roquefortii and P. cambertii. important in the ripening of the 
cheeses suggested by their names, and P. notatum and related species 
employed in the production of the important antibiotic and chemothera- 
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- Fig. 5-8. Schematic illustration of the genus Mucor. 


peutic agent penicillin. Schematic representations of these two genera 
are presented in Fig. 5-9. 

The class Fungi Imperfecti is a heterogeneous collection of fungi which 
did not fit into the other classes. This makes the classification of fungi 
in this group very difficult, but confusion also exists in the classification 
of the more “perfect” fungi. Only the more apparent structures of the 
fungi have been discussed, and classification into the finer groups fre- 
quently rests on relatively minute differences between these structures in 
different species. 

The molds can be observed more readily than the bacteria under the 
microscope since they are larger and since staining is not essential for 
observation of most morphological details involved in general classifica- 
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Fic. 5-9. Schematic illustration of the genera Penicillium and Aspergillus. 


tion. Stained smears or unstained preparations are of little value for 
microscopic examination as they generally consist only of aerial hyphae 
and spores. It is much better to grow the molds in a hanging drop or on 
agar on a microscope slide prepared in the manner described by Henrici 
or in the more complex culture chamber for microscopic examination de- 
‘vised by Brown. Observations on the growing plants can be made at 
frequent intervals, and the entire growth is available for examination 
without injury to the fungus. 

Molds differ from the bacteria not only in morphology but also in many 
of their physiological properties. They tend to grow more slowly than 
the bacteria. In general their ability to utilize complex organic matter 
such as cellulose for food greatly exceeds that of the bacteria, and they 
frequently thrive under conditions of acidity or of osmotic pressure that 
are inhibitory to most bacteria. The majority are saprophytic in nutri- 
tion and are important scavengers in the disposal of waste products, in 


particular of the complex matter in the dead bodies of plants and to a 
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Fic. 5-11. Henrici slide culture of Aspergillus niger under high power. 
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Fic. 5-13. Photomicrograph of f 
Swanson.) graph of fungi in a page of an old book. (Courtesy of W. H. 
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lesser extent of animals. While they are frequently found growing in 
damp, dark places, they require less free moisture for growth than the 
yeasts and bacteria. Hence they are able to grow on and bring about the 
decomposition of leather, paper, or cloth in a fairly humid environment. 
Also, since they tolerate high osmotic pressures, they are frequently found 
growing on the surface of jams, jellies, the brines employed in pickle pro- 
duction, or on salted meats. Such growth so alters the material upon 
which it occurs that bacteria may multiply as secondary invaders, fre- 
quently with more marked damage to the material. The problem of 
spoilage of dried fruits by molds is of considerable importance, a more 
tender product being obtained if the moisture content is not too low. 
However, if the moisture content is much above 15 per cent, mold growth 
soon becomes apparent. Therefore a balance must be struck between the 
two factors, possible growth of molds and the texture of the fruit, and 
incidentally, selling price, since the higher the moisture content, the 
greater the financial return. Contamination of dried fruit by mold spores 
would be impossible to prevent since they are so abundant in the air, a 
fact readily demonstrable on incubation of nutrient media exposed for a 
few minutes to the air. 

Keys for the Identification of Common Molds. A detailed classifica- 
tion of the molds would be too difficult to consider in a text on general 
bacteriology. Bacteriologists have found it convenient to construct keys, 
based on general morphological considerations, for the rapid identification 
of the more common molds. The following key for the differentiation of 
the more common genera of molds is based on one devised by Buchanan 
in which the molds are all grouped as Hyphomycetes and divided into 
families and genera on the basis of asexual spore formation. 


Key ror IDENTIFICATION OF THE CoMMON Mo_Lps 1 
(AFTER BUCHANAN) 


I. Sporangiospores borne in sporangia. Nonseptate mycelium 
A. Sporangiophores arising in clusters from nodes of runners or 
Oe Spe BRP te ane ig ee Rene ee Rhizopus 
B. Sporangiophores arising singly, runners or stolons not formed Mucor 
II. Conidiospores (conidia) borne exogenously 
A. Conidiophores usually separate, not united into definite 
masses 
1. Neither conidia nor hyphae smoky or dark in color 
a. Conidia one celled 


nae Seed AE OI... bet Vee ees bree teeters Odspora 
bb. Formed in chains radiating from the swollen tip of 
B *COMIGIOPNOLE, ie ne eee es ett Viens Aspergillus 


1. D. Buchanan and R. E. Buchanan, “Bacteriology,” The Macmillan Company, 
New York, 1938. 
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Key ror IDENTIFICATION OF THE COMMON Mo.tps (Cont.) 


ec. Formed in chains radiating from branching, brush- 


like: conidiophores*... 9:4: s-#cbumseg ecm ered meres Penicillium 
b. Conidia two-celled, pear-shaped ..............-+------ Trichothectum 
2. Conidia and/or hyphae smoky or dark in color 
a. Conidia one-celled, in branched chains................ Hormodendrum 
b. Similar to Hormodendrum but conidia become two- 
celled. in .old«chltures: 2. teehee ee lo Cladosporium 
c. Conidia many-celled, in chains................----++:+: Alternaria 
B. Conidiophores united into definite masses 
1. Neither conidia nor hyphae smoky or dark............... Tsaria 
2. Conidia and hyphae smoky or dark.................--++- Stysanus 


Other keys have been prepared with particular reference to the needs 
and interests of an individual or group. One key, listing the more com- 
mon species of yeasts and molds pathogenic for man together with the 
main characteristics of the infection produced, may be represented as 
follows: 


Key To THE PrincipAL GENERA AND SPECIES OF FuNGI PATHOGENIC FoR MAN 


Infection 
I. Multicellular, filamentous forms 
A. Ringworm fungi, dermatophytes 
1. Microsporum, unbranched septate mycelium con- 
taining small rounded spores 
canis, audonint, gypseum.................... Scalp ringworm (tinea 
capitis) 
2. Trichophyton, branching mycelium with chains 
of spore-like elements 
schoenleinit, mentagrophytes, tonsurans...... Ringworm of sealp and 
skin 
3. Epidermophyton, septate mycelium, terminal 
clavate fuseaur 
floccasEincd: PSE es See ar ee Mycosis of hands, feet, 
and groins 


B. Aspergillosis 
1. Aspergillus, septate mycelium, conidiospores 
form around enlarged end of conidiophore 
fumigatus >..'d.02 20 bor See a Lung infection of birds, 
t rare in man 
II. Filamentous fungi, at times unicellular, yeast-like 
forms 
1. Coccidioides, spherical forms in tissue and pus, 
no budding occurs, mycelial filaments during 
aerobic growth 


UANNNAS TN eee -+ssseses...., Coecidiomycosis (Valley 
fever), infection of 
lungs. Coccidioidal 


granuloma, ulcerative 
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Key To THE PRINCIPAL GENERA AND SPECIES OF FuNGI PATHOGENIC FoR Man (Cont.) 


Infection 
2. Sporotrichum, oval or cigar-shaped bodies in 
pus, septate mycelium in laboratory’media 
BERERE NA ee oN ete OT ei yn ee Sporotrichosis [infection 
of skin, subcutaneous 
tissue, and lymphatics 
(red nodules) ] 
3. Candida (Monilia), small, oval, thin-walled, 
budding cells associated with mycelial elements 
CLOSCONE ne Sn Kara ae Fe hein eee Thrush (a mycosis of 
mucous membranes). 
May also cause an in- 
fection of the skin or 


lungs 
4. Blastomycetes (Oidium), in tissues, yeast-like 
cells; in cultures, mycelial growth and ascospore 
formation 
Sr EEMTED Gor on. ee BG hid a PP TD CEs ingtin Ss Blastomycosis (suppura- 


tive and granuloma- 
tous lesions of skin 
and lungs) 


III. No filaments or mycelia 
1. Cryptococcus (Torula), spherical to ovoid cells. 


No ascospores 
MAOL OVNI ef o5e0 5 Siok an BORN Tae pha ae os Cryptococcosis [mycosis 
of skin, lungs, brain, or 
meninges (meningitis) ] 


“THE YEASTS 


The term yeast is used with different meanings, the most common one 
referring to unicellular forms somewhat larger than the bacteria which 
do possess a-readily demonstrable nucleus, which multiply by budding, 
and which characteristically produce considerable amounts of ethyl 
aleohol and carbon dioxide from fermentable sugars. Such a concept 
holds true for only a limited number of forms regarded as yeasts by the 
biologist. We have mentioned that the terms molds and yeasts have no 
taxonomic significance, and organisms considered to be yeasts are classi- 
fied in the Ascomycetes, the Basidiomycetes, and the Fungi Imperfecti. 
Not all these forms are unicellular; some multiply by fission rather than 
by budding, and some produce little or no alcohol and gas. The most 
satisfactory definition of yeasts as a group 18 a modification of an 
earlier definition by Henrici which may be restated as yeasts are fungi 
with readily demonstrable nucle with which the usual and dominant or 
most characteristic growth is unicellular. This definition is not without 


its faults but will serve in a general way. 
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The majority of the yeasts appear to belong to the Ascomycetes or to 
be derived from the Ascomycetes with loss of ability to form ascospores; 
at least in many instances ascospore formation has not been observed. 
Classification of the yeasts depends to a considerable extent upon cytology 
and methods of reproduction and to a lesser extent than with the bac- 
teria upon biochemical characteristics. 

Yeasts were described rather completely in 1680 by Leeuwenhoek, who 
recognized them as oval or spherical, globular bodies commonly present 
in fermenting liquids. By 1839 various workers had reported that beer 
and wine yeasts multiply by budding, and in that year Schwann observed 
spores within yeast cells. The studies of Pasteur gave final proof that 
alcoholic fermentation is the result of the metabolic activities of yeasts. 

The yeast cell averages 4 to 5 » in diameter and possesses the usual cel- 
lular structures, a rather rigid cell wall composed of cellulose or cellulose- 
like material surrounding the cytoplasm, which is enclosed by a cell mem- 
brane. Various granules and vacuoles can be observed in the cytoplasm, 
the granules generally being glycogen or iogen, volutin, and droplets of 
fat. The vacuoles are rather refractile bodies apparently filled with 
liquid material and are most evident in older cultures of yeast approach- 
ing starvation conditions. The nucleus is relatively large in comparison 
with the size of the cell and undergoes division with cell division, one-half 
remaining in the mother cell and one-half passing into the daughter cell. 
A daughter cell can form a bud before it becomes detached from the 
original cell, and in this manner chains of cells or a branching, filamen- 
ous-lke structure may be produced. 

Sexual Reproduction. The fact that yeast can multiply by sexual 
means was definitely established by 1902 as a result of the studies of 
Guilhermond and Barker. Guilliermond showed that the formation of 
ascospores by Schizosaccharomyces octosporus was preceded by the con- 
jugation of two like cells, little protuberances from each uniting to form 
a copulation canal. The contents of the two cells mixed to form a zygo- 
spore, the nucleus of one cell fusing with that of the second. This is an 
example of isogamie conjugation, since the two gametes are nearly equal 
in size. In other species or genera, heterogamic conjugation has been 
observed. The zygospore develops, and its fusion nucleus divides, giving 
rise to four, and in a few species to eight, daughter nuclei contained in the 
ascus. Spore formation in yeasts is a method of reproduction, since the 
spores developing in one zygospore can give rise to four or eight vegeta- 
tive cells. This is a differential characteristic between the yeasts and 
the bacteria, in the latter only one spore being formed per cell. 
wae) ae yeasts, opens in those of industrial impor- 
ance, yces, ascospores are formed without any evidence 
of conjugation preceding spore formation. These yeasts were considered 
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Fic. 5-14. Photomicrograph of Saccharomyces cerevisiae (bread yeast) suspended in 
1:20,000 crystal violet. 


to be parthenogenic, or devoid of sexuality. In some species copulation 
tubes do form, but they fail to fuse. In other species four ascospores are 
formed within a cell without evidence of previous conjugation, but on 
germination the spores conjugate in pairs within the ascus, and only two 
vegetative cells are produced from them instead of four. Guilliermond 
designated this process as parthenogamy. He considered these various 
aspects of ascospore formation or fusion to be an indication of retrograde 
evolution in yeasts, the various stages of decrease in sexuality being from 
true conjugation through parthenogamy and parthenogenesis to the com- 
plete loss of the ability to form ascospores. 

Winge and Lausten in 1935 and subsequent years demonstrated that 
ascospore formation and germination in the genera Saccharomyces and 
Saccharomycodes are associated with a separation of genes that makes 
the spores in the ascus differ genetically. Since ascospores conjugate, as 
mentioned above, this process results in fertilized cells of genetic compo- 
sition different from the parent cell, even though the parent cell was from 
a culture originally derived from a single cell. Or, starting with spores 
from different species, crosses were produced when these spores fused, and 
the hybrids which resulted had characters different from those of the two 
parent strains by themselves. Winge and Lausten developed microma- 
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Fia. 5-15. Life cycle of Saccharomyces cerevisiae. [Genetics of the fungi, by C. Linde- 
gren, Annual Review of Microbiology, 2, 58 (1948).] ~ 


nipulation techniques for the isolation of the individual spores from the 
ascus and for the cultivation of strains from each spore. This provided 
an excellent method for the study of hybrid formation. Hybridization 
of yeast in this manner suggests that hybrids can be produced in which 
the desirable characters of several species may ultimately be combined 
into a new strain, as in the breeding of new plant and animal strains. 
Lindegren extended the studies of Winge and Lausten and concluded 
that the large, vegetative, ellipsoidal cells of yeasts are diploids, i.e., con- 
tain the full complement of chromosomes. These “normal” cells pro- 
duce viable four-spored asci. These ascospores on germination produce 
smaller, rounder, and generally less active cells which are haploids, the 
nuclei containing only one-half the normal number of chromosomes. 
Two small, haploid cells fuse to form a characteristic large diploid vege- 
tative cell, the descendants of which tend to maintain constant genetic 
characteristics when cultivated under conditions inimical to ascospore for- 
mation. The life cycle just described starts anew when sporulation occurs. 
Various observations with regard to sexual behavior indicate that the 
vegetative cells of one group of yeasts, the genera Schizosaccharomyces, 
Zygosaccharomyces, Zygopichia, Debaryomyces, Nadsonia, and Nema- 
tospora, are haploid, while the vegetative cells of Saccharomyces, Sac- 
charomycodes, and Hansenula are ordinarily diploid, being haploid only 
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Fic. 5-16. Life cycles of higher fungi. [Genetics of the fungi, by C. Lindegren, Annual 
Review of Microbiology, 2, 51 (1948).] 


in the spore stage and in the small cells which arise from the spores. 
A third and very miscellaneous group would include all those forms not 
known to produce ascospores. 

Classification of Yeasts. An entirely satisfactory classification of the 
yeasts has not been developed. Some forms generally considered to be 
yeasts do produce mycelia and are intermediate between the yeasts and 
the molds. Others do not produce ascospores and therefore do not belong 
in the true yeasts. Most of these various forms, however, have many 
characteristics in common and are therefore frequently classified together. 
Keys have been developed for the classification of yeasts of industrial 
or pathogenic importance; such a key for the more common pathogenic 
yeasts (and molds) was presented on pages 108-109. A common classi- 
fication of industrial yeasts is as top or bottom fermenters and as alcohol, 
wine, or bread yeasts, depending upon their tendency to remain near the 
top of, or to settle out from, a fermenting liquid and the purpose for 
which the yeast is best suited. A classification of the ascosporogenous 
yeasts according to Stelling-Decker and of the false yeasts as devised 
by Lodder is presented below in forms developed by Henrici. 
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CLASSIFICATION OF YEASTS ? 
(Arrer HENRICI) 


Family Endomycetaceae 


Growth forms: mycelium, pseudomycelium, oidia, or yeast cells (“conidia”), together 
or singly. Vegetative multiplication by transverse fission or by budding. Naked 
asci result from isogamous or heterogamous conjugation or parthenogenetic. 
Ascospores spherical, hemispherical, angular, sickle- or spindle-shaped, smooth, 
warty, or with an encircling rim. Both oxidative and fermentative species. 

Subfamily A. Eremascoideae. Growth form only mycelium. Vegetative multiplica- 
tion by transverse fission. Spores hat-shaped, result from isogamous conjugation. 
Dissimilation exclusively oxidative. But one genus—Eremascus. 

Subfamily B. Endomycoideae. Growth form either mycelium with oidia or only 
oidia. Vegetative multiplication by transverse fission. Spores round, oval, or 
hat-shaped, result from isogamous or heterogamous conjugation. Dissimilation 
oxidative or fermentative. There are two genera—Endomyces with both myce- 
lium and oidia, and both oxidative and fermentative respiration ; and Schizosac- 
charomyces with no mycelium, only oidia multiplying by transverse fission, and 
with dominantly fermentative respiration. 

Subfamily C. Saccharomycoideae. Growth form either mycelium with yeast cells 
(“conidia”), occasionally also oidia, or only budding yeast cells and then often 
pseudomycelium. Vegetative multiplication by transverse fission, by multipolar 
budding or by bipolar budding, the latter upon a broad base. Spores spherical, 
hemispherical, angular or sickle-shaped, or with an encircling ridge, formed by 
isogamous or heterogamous copulation or parthenogenetic. All transitions be- 
tween oxidative and fermentative dissimilation. There are three tribes in this 
subfamily: 

Tribe A. Endomycopseae. Growth form mycelium with buds (“conidia”), at 
times oidia. Vegetative multiplication by transverse fission and by multi- 
polar budding. Spores parthenogenetic or following isogamous copulation. 
But one genus—Endomycopsis. Dissimilation is dominantly oxidative, at 
times also fermentative. 

Tribe B. Saccharomyceteae. No mycelium, only budding yeast cells or pseudo- 
mycelium. Vegetative multiplication by multipolar budding. Spores pro- 
duced by isogamous or heterogamous conjugation, or parthenogenetic. This 
tribe includes the largest number of species of spore-forming yeasts, contained 
in the genera Saccharomyces, Torulaspora, Pichia, Hansenula, Debaryomyces, 
and Schwanniomyces. 

Tribe C. Nadsonieae. No mycelium, only budding yeast cells, at times pseudo- 
mycelium. Vegetative multiplication by bipolar budding, more or less upon a 
broad base. Spores parthenogenetic or following heterogamous conjugation. 
There are three genera—Saccharomycodes with round spores that conjugate 
during germination ; Hansienaspora with parthenogenetic spores; and Nadsonia, 
in which following heterogamous conjugation between a bud and the mother 
cell, a second bud develops into an ascus. 

Subfamily D. Nematosporoideae. Growth form mycelium and budding yeast cells. 
Vegetative multiplication by multipolar budding. Spores needle- or spindle- 
shaped, with or without flagella, parthenogenetic or formed after isogamous con- 
jugation. Both oxidative and fermentative. There are three genera—-M ono- 


1 Henrici, Bacteriological Reviews, 6, 97 (1941). 
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sporella with one needle-shaped spore ; Nematospora with two to eight flagellated 
spindle-shaped spores produced parthenogenetically ; and Coccidiascus with eight 
spindle-shaped nonflagellate spores produced by isogamous conjugation. 


The Torulopsidoideae comprise the majority of the “wild yeasts,” com- 
mon as contaminants in all sorts of bacteriological work. 


Key TO THE GENERA OF TORULOPSIDOIDEAE 


1. a. Cells mostly lemon-shaped, bipolar budding.............. Kloeckera 
b. Cells mostly triangular, budding at the three angles....... Trigonopsis 
c. Cells mostly flask-shaped, budding often upon a broad base Pityrosporum 
d. Cells otherwise, usually round, oval or cylindrical 

2. a. No pellicle in wort cultures, or only a soft slimy pellicle 


after some time 
b. A matte, dry pellicle in wort cultures from the beginning 
3. a. Formation of long slender tubular processes resembling the 
copulation tubes of Zygosaccharomyces on Gorodkowa 


Te eet ea Coe nh oa Ry oo Abe Mae Ceo stort ot vo! ES Asporomyces 
Penne CEMULAY PRIURGICR LOTTIE, c.556 <o,c5 seis aa Aes Mo eye anes Torulopsis 
4. a. Cells often cylindrical, multiplication by budding, the buds 
not separated from the mother cell by fission............ Mycoderma 


b. Cells polymorphous, multiplication by budding, the buds 
often separating from the mother cell by fission........... Schizoblastosporion 


CHAPTER 6 


THE BACTERIA 


In the previous chapter the true fungi, the Eumycetes, were considered 
in a general manner. The slime molds, or Myxomycetes, and the fission 
fungi, or Schizomycetes, the bacteria, are related to the true fungi, and 
they are frequently considered as pseudo fungi, or Pseudomycetes. The 
Myxomycetes will not be discussed further, and at this time a general 
consideration of the various orders and families of bacteria, together with 
the genera of certain of the less common families, will be developed. 

Some of the organisms commonly included under the term. bacteria 
show marked resemblances to certain of the true fungi, others to the blue- 
green algae, others to various protozoa, and still others appear to be more 
or less independent forms of life. The bacteria are considered by some 
to be a fairly homogeneous group of primitive forms of life from which 
higher forms have developed; by others to be the result of retrograde 
evolution from higher microorganisms. Arguments and evidence in sup- 
port of both views can be advanced, but for our purpose it is sufficient 
to consider the bacteria as a rather heterogeneous collection of somewhat 
related forms primarily characterized by their small size and relatively 
undifferentiated structure. 

The bacteria are commonly classified in the plant kingdom. The fact 
that bacteria are assigned to families, orders, and classes does not mean 
that these groups have the significance they have in the classification of 
plants and animals, where phylogenetic considerations can be employed 
to a greater extent. 

In the higher plants differentiation and classification are based almost 
entirely upon morphology—size, shape, arrangement, structure, and color 
of the constituent parts—while in the true fungi and to a greater extent 
in the bacteria such considerations do not lead very far into an adequate 
classification. At an early date bacteriologists realized that a classifica- 
tion based on morphology alone was inadequate, a fact recognized in the 
eighteenth century by the botanist Linnaeus who assigned the bacteria 
to the order chaos. Staining properties and biochemical reactions were 
introduced as supplementary aids in classification, and at the present time 
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bacteria are classified to a great extent on the basis of what they do rather 
than what they look like. We will consider primarily the orders and 
families of bacteria at this time. An example of the details employed 
in the classification of bacteria into species and genera in one family, the 
Enterobacteriaceae, will be presented in Chap. 22. Both physiological 
and serological characteristics, to be considered later, are employed in 
this finer classification. 

A system of classification of plants based upon the developmental his- 
tory, or phylogeny, of the individual species was developed by the 1870’s. 
Nothing was known of the developmental history of bacteria in 1872 when 
Ferdinand Cohn recognized that an attempt must be made to ensure a 
stable nomenclature for the various bacteria then known or being dis- 
covered with increasing rapidity. He adequately described a number 
of species and allocated them to six genera on the basis of morphology. 
He recognized that the genera as employed in his classification were not 
equivalent in significance to the concept of a genus in plant and animal 
biology. Nothing better could be accomplished at a time of relative 
ignorance concerning the nature and properties of the bacteria. 

With increasing knowledge of the structures and activities of bacteria 
and with descriptions of many new species appearing, it became apparent 
that Cohn’s system of classification was far from adequate. Migula in 
1895 to 1900 attempted to integrate the newer knowledge into a more 
complete system of classification than the one proposed by Cohn. 
Migula divided the bacteria into two orders, one of which, the Thiobac- 
teria, or sulfur bacteria, was created primarily on the basis of the unique 
physiology of these organisms. Little attention, however, was paid to 
physiological differences between the bacteria as an aid in differentiation. 

In contrast to the earlier attempts at classification, Orla-Jensen in 
1909 proposed a system based primarily upon physiological considera- 
tions of the bacteria, although morphological considerations were also 
employed. An attempt was made to trace the phylogenetic development 
of bacteria, based on the premise that the first bacterium was an auto- 
trophic organism, it being assumed that organic matter was lacking at 
an early date in the history of the earth. Such an organism would have 
to have enormous synthetic powers! Modern concepts suggest that or- 
ganic matter in certain forms was present early in the history of the 
world and that primitive life could have developed more readily from it 
than from inorganic matter. This hypothesis raises serious questions 
concerning Orla-Jensen’s basic premise and leads to the suggestion that 
autotrophic species may have developed from heterotrophic ones by retro- 
grade evolution, rather than having been the original type of bacteria. 

At the present time there is no good evidence as to which bacterium, 
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or ancestor of the bacteria known today, could have been the original 
form of bacterial life. Interrelationships can be traced between many 
bacteria, but as yet phylogenetic considerations do not lead very far in 
tracing the evolution of bacteria and in the development of an entirely 
adequate system of classification. Possibly the most unsatisfactory de- 
velopment is that the “form genera” of Cohn and the “physiological 
genera” of Orla-Jensen are more or less merged with each other, and the 
product is accepted by many as equivalent to the concept of genera em- 
ployed in botany and zoology. Considerations of this nature may appear 
out of place in an elementary text, but the student should realize from the 
start that the systems of classification commonly employed in bacteriol- 
ogy are based to a great extent on expediency rather than on actual rela- 
tionships. This understanding can save future trouble for those who 
continue in the study of the bacteria. Too little is known about bacteria 
to permit the development of an entirely satisfactory classification. 

Any system of classification is only a tool to be used in understanding 
the relationships of different organisms and to provide keys for the iden- 
tification of the different forms of life. A knowledge of life cycles, dis- 
tribution, development, and structure of the organism to be classified or 
identified is essential, and these various factors considered together indi- 
cate where the organism fits into the general scheme. Such considerations 
do not lead very far as yet in the classification of bacteria, and any classi- 
fication proposed for these organisms must be tentative and subject to 
change with increase in knowledge concerning the constituents of the pro- 
posed system. 

The student in bacteriology will frequently find that different names 
are applied to the same organism by different workers and that different 
classifications are employed. There is no universally accepted classifi- 
cation and nomenclature, but the one most commonly employed in the 
United States is a development from a system proposed by a committee 
of the Society of American Bacteriologists under the chairmanship of 
Dz H. Bergey. In its original form the classification was based to a con- 
siderable extent upon suggestions made by R. E. Buchanan and also upon 
the work of the earlier systematists. This system has been revised a 
number of times, and the nomenclature for genera and species employed 
in this text is from the sixth edition of “Bergey’s Manual of Determina- 
tive Bacteriology” (edited by R. 8S. Breed, A. P. Hitchens, and E. G. D. 
Murray, published by The Williams & Wilkins Company, Baltimore). 
The seventh edition is now (1956) in preparation, and an outline of the 
major taxa will be presented for comparison and reference. 

In the sixth edition of Bergey’s Manual the class Schizomycetes is 
defined and divided into five orders as follows: 
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CLASS SCHIZOMYCETES}! 


Typically unicellular plants. Cells usually small, sometimes ultrami- 
croscopic. Frequently motile. As in the closely related blue-green algae 
(class Schizophyceae), the cells lack the definitely organized nucleus 
found in the cells of higher plants and animals. However, bodies con- 
taining chromatin which may represent simple nuclei are demonstrable 
in some cases. Individual cells may be spherical; or straight, curved, or 
spiral rods. These cells may occur in regular or irregular masses or even 
in cysts. Where they remain attached to éach other after cell division, 
they may form chains or even definite filaments. The latter may show 
some differentiation into holdfast cells, and into motile or nonmotile re- 
productive cells (conidia). Some grow as branching mycelial threads 
whose diameter is not greater than that of ordinary bacterial cells, i.e., 
about one micron. Some species produce pigments. The true purple and 
green bacteria possess pigments much like or related to the true chloro- 
phylls of higher plants. These pigments have photosynthetic properties. 
The phycocyanin found in the blue-green algae does not occur in the 
Schizomycetes. Multiplication is typically by cell division. Endospores 
are formed by some species included in Eubacteriales. Sporocysts are 
found in Myxobacteriales. Ultramicroscopic reproductive bodies are 
found in Borrelomycetaceae. The bacteria are free-living, saprophytic, 
parasitic, or even pathogenic. The latter types cause diseases of either 
plants or animals. Five orders are recognized. 


Key To THE ORDERS AND SUBORDERS OF THE CLASS SCHIZOMYCETES 


A. Cells rigid, not flexuous. Motility by means of flagella or by a gliding movement. 
1. Cells single, in chains or masses. Not branching and mycelial in character. 
Not arranged in filaments. Not acid fast. Motility when present by means of 


flagella. 
Order 1. Eubacteriales 


a. Do not possess photosynthetic pigments. Cells do not contain free sulfur. 
b. Not attached by a stalk. Do not deposit ferric hydroxide. 


Suborder 1. Eubacteriineae (True Bacteria) 
bb. Attached to substrate, usually by a stalk. Some deposit ferric hydroxide. 


Suborder Il. Caulobacteriineae (Stalked Bacteria) 


aa. Possesses photosynthetic chlorophyll-like pigments. Some cells contain free 


sulfur. 


1 Description of the Schizomycetes and the key to orders and suborders reproduced 
by permission of The Williams & Wilkins Company and the editors. 
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Key TO THE ORDERS AND SUBORDERS OF THE CLASS SCHIZOMYCETES (Continued) 
Suborder III. Rhodobacteruineae (Photosynthetic Bacteria) 


2. Organisms forming elongated usually branching and mycelial cells. Multiply 
by cell division, special spores, cidiospores, and conidia. Sometimes acid fast. 


Nonmotile. 


Order II. Actinomycetales (Thread-like or Filamentous Bacteria) 


3. Cells in filaments frequently enclosed in a tubular sheath with or without a 
deposit of ferric hydroxide. Sometimes attached. Motile flagellate and non- 
motile conidia. Filaments sometimes motile with a gliding movement. Cells 
sometimes contain free sulfur. 


Order III. Chlamydobacteriales (Ensheathed Bacteria) 


B. Cells flexuous, not rigid. 
1. Cells elongate. Motility, by creeping on substrate. 


Order IV. Myxobacteriales (Mold-like Bacteria) 


2. Cells spiral. Motility, free swimming by flexion of cells. 


Order V. Spirochaetales (Spiral, Flexible Bacteria) 


Supplements: Groups whose relationships are uncertain. 
1. Obligate intracellular parasites or dependent directly on living cells. 
a. Not ultramicroscopic and only rarely filtrable. More than 0.1 uw in diameter. 


Group I. Order Rickettsiales 


aa. Usually ultramicroscopic and filtrable. Except for certain pox viruses of 
animals and a few plant viruses, less than 0.1 » in diameter. 


Group I1. Order Virales 


2. Grow in cell-free culture media with the development of polymorphic struc- 
tures including rings, globules, filaments, and minute reproductive bodies (less 
than 0.3 » in diameter). 


Group III. Family Borrelomycetaceae 


The classification of the Eubacteriineae proposed in the sixth edition of 
Bergey’s Manual, together with a brief description of the constituent 
tribes and genera, is presented in the Appendix. 

In the seventh edition of Bergey’s Manual a different classification is 
advanced. First of all it is proposed that the bacteria, the viruses, and 
the blue-green algae be placed in a new division (phylum) of the plant 
kingdom, this division (1) to be known as Protophyta (primitive plants). 
The yeasts, molds, and the higher algae remain in the Thallophyta which 
becomes division II of the plant kingdom. It is proposed to divide the 
Protophyta into three classes: the Schizophyceae or blue-green algae, the 
Schizomycetes or bacteria, and the Microtatobiotes or smallest life, i.e., 
the rickettsiae and the viruses. In this new elassification at least 200 
genera of bacteria are recognized in 47 families placed in 10 orders. 
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Division into orders in the new system is primarily on the basis of 
motility, the first three orders being composed of polarly flagellated bac- 
teria or species closely related to the polar flagellates. The next three 
orders contain peritrichously flagellated or related species; the following 
three orders contain the bacteria that glide, creep, or are flexuous in their 
movements when they are motile; the tenth order consists of apparently 
nonmotile parasites. The proposed classification (based on an outline 
supplied through the courtesy of Dr. H. J. Conn and a general review by 
Dr. R.S. Breed (1956) and reproduced in part here through the courtesy 
of the trustees of Bergey’s Manual and The Williams and Wilkins Com- 
pany), together with brief descriptive terms applied by the author, is as 
follows: 


Division I. Protophyta—primitive plants. 
Class I. Schizophyceae—blue-green algae. 
Class II. Schizomycetes—fission fungi, the bacteria. 


Gram-negative, polarly flagellated (or related non-motile) rods and curved forms 
(orders I to III). 


Order I. Pseudomonadales—polar flagellate, true bacteria. 
Suborder I. Rhodobactertineae—pigmented, photosynthetic bacteria. 
Family I. Thiorhodaceae—purple sulfur bacteria. 
Family II. Athiorhodaceae—purple and brown nonsulfur bacteria. 
Family III. Chlorobacteriaceae—green sulfur bacteria. 
Suborder II. Pseudomonadineae—nonphotosynthetic pseudomonads. 
Family I. Nitrobacteraceae—nitrifying bacteria. 
Family II. Methanomonadaceae—methane, carbon monoxide, or hydrogen 
oxidizers. 
Family III. Thiobacteriaceae—sulfur oxidizers. 
Family IV. Pseudomonadaceae—ordinary heterotrophic pseudomonads. 
Family V. Caulobacteraceae—stalked bacteria. * 
Family VI. Siderocapsaceae—capsules encrusted with iron. 
Family VII. Spirillaceae—comma-shaped and spiral forms. 
Order II. Chlamydobacterales—filamentous, colorless alga-like species. 
Family I. Chlamydobacteraceae—tree filaments, motile swarm cells. 
Family II. Peloplocaceae—folded filaments. 
Family III. Crenotrichaceae—attached, differentiated filaments, form conidia. 
Order II. Hyphomicrobiales—spherical to pear-shaped cells, often reproducing 
by budding at end of stalks. 
Family I. Hyphomicrobraceae—buds formed on fine stalks. 
Family II. Pasteurtaceae—multiply by budding or by longitudinal fission. 


Peritrichous and related types of true bacteria (Order IV). 


Order IV. Eubacteriales—true bacteria (along with Order I). 
Family I. Azotobacteraceae—gram-negative, nitrogen-fixing (free) bacteria. 
Family Il. Rhizobiaceae—gram-negative, symbiotic nitrogen-fixing or violet- 
pigmented bacteria. 
Family III. Achromobacteraceae—gram-negative cells with little fermenta- 
tive ability. 
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Family IV. Enterobacteriaceae—gram-negative, active fermenters, often 
found in enteric tract. 
Tribe I. Escherichieae—telatively nonpathogenic. 
Tribe II. Erwinieae—plant pathogens. 
Tribe III. Serratieae—red pigmented. 
Tribe IV. Proteeae—lactose not fermented, urea hydrolized. 
Tribe V. Salmonelleae—generally pathogenic species. 
Family V. Brucellaceae—small, gram-negative, obligate parasites. 
Family VI. Bacteroidaceae—gram-negative, anaerobic rods. 
Family VII. Micrococcaceae—gram-positive, non-chain-forming cocci. 
Family VIII. Neisseriaceae—gram-negative cocci. 
Family IX. Brevibacteriaceae—gram-positive, asporogenous rods, form little 
acid from sugars. 
Family X. Lactobacillaceae—gram-positive cells, generally form lactic acid. 
Tribe I. Streptococcoceae—pairs and chains of cocci. 
Tribe II. Lactobacilleae—rods occurring singly, in pairs, or in chains. 
Family XI. Propionibacteriaceae—gram-positive, propionic or butyric acid- 
forming rods. 
Family XII. Corynebacteriaceae—gram-positive, pleomorphic rods, weak 
fermenters. 
Family XIII. Bacillaceae—generally gram-positive, aerobic or anaerobic, 
spore-forming rods. 


Generally nonmotile, filamentous, mold- or alga-like bacteria (Orders V-VIII). 


Order V. Actinomycetales—slender, often branching, mold-like cells which may 
form spores. 
Family I. Mycobacteriaceae—acid-fast, asporogenous rods. 
Family II. Actinomycetaceae—mycelial growth, divide by segmentation. 
Family III. Streptomycetaceae—conidia formed on sporophores. 
Family IV. Actinoplanaceae—sporangiospores, some flagellated. 
Order VI. Caryophanales—large, filamentous, segmented cells. 
Family I. Caryophanaceae—coenocytic, tubular cells, no spores. 
Family II. Oscillosptraceae—large, partitioned, motile, sporogenous parasites. 
Family II. Arthromitaceae—large, apparently septate, nonmotile, sporoge- 
nous parasites. 


Groups of cells which often creep or glide over moist surfaces (Orders VII-VIII). 


Order VII. Beggiatoales—filamentous, alga-like cells; some filaments may be 
motile. ; 
Family I. Beggiatoaceae—oxidize sulfide, deposit S granules. 
Family II. Vitreoscillaceae—organotrophic rather than S oxidizers. 
Family III. Lewcotrichaceae—organotrophic, tapering threads from holdfasts 
only gonidia motile; gonidia form rosettes. 
Family IV. Achromotiaceae—spherical to ovoid cells, may deposit S and/or 
CaCO, granules. 


Order VIII. Myzobacterales—slime-forming, slender, flexible rods 


n: creepin 
motility. ei 
Family I. Cytophagaceae—no fruiting bodies (cysts) or spores. 
Family Il. Archangiaceae—fruiting bodies of no definite shape elongate 


spores (microcysts). 


THE BACTERIA 123 
Family IIT. Sorangiaceae—cysts usually angular, cells usually thick and short 
with blunt, rounded ends. 


Family IV. Polyangiaceae—cysts usually rounded, cells long and thin with 
pointed ends. 


Family V. Myxococcaceae—microcysts spherical to ellipsoidal, fruiting bodies 
formed except in genus Sporocytophaga. 


Slender, flexuous cells, motility serpentine or by spinning (Order IX). 
Order LX. Spirochaetales—spiral cells, some resemblance to protozoa. 
Family 1. Spirochaetaceae—large, mostly free-living forms. 
Family IL. Treponemataceae—small, generally parasitic cells. 


Small, fragile, pleomorphic, nonmotile, often filtrable cells (Order X). 


Order X. M ycoplasmatales—the pleuropneumonia group. 
Family I. Mycoplasmataceae—as for the order. 


Obligate parasites, microscopic to ultramicroscopic in size (Class III). 


Class III. Microtatobiotes—smallest life. 
Order I. Rickettsiales—small, intracellular parasites often associated with arthro- 
pods. 
Family I. Rickettsiaceae—do not occur in erythrocytes, 
Tribe I. Rickettsteae—cause human rickettsioses. 
Tribe II. Ehrlichieae—cause animal rickettsioses. 
Tribe III. Wolbachieae—arthropod, not vertebrate hosts. 
Family Il. Chlamydiaceae—found in tissues, not transmitted by arthropod 
vectors. 
Family III. Bartonellaceae—occur in or on erythrocytes. 
Family IV. Anaplasmataceae—parasites in erythrocytes of lower animals. 
Order II. Virales—the filtrable viruses, nomenclature and classification uncertain. 


The descriptions of the various orders and families presented above are 
incomplete, and exceptions are encountered. Minor changes may be 
introduced before the seventh edition of Bergey’s Manual is published 
and, therefore, the scheme should be considered as a tentative rather than 
a final one. Some changes in spelling are introduced in the new system, 
e.g., according to international rules for classification and spelling of 
terms the i in the former order and family names derived from species 
names containing bacter (but not bacterium) is omitted after the r 
before -ales and -aceae. The student is referred for details to “Bergey’s 
Manual of Determinative Bacteriology,” seventh edition. This new 
classification represents to a considerable extent reshuffling of genera, 
families, and orders into new arrangements, or in some instances changes 
of rank of taxa; but a new class and three new orders were created. 


THE PSEUDOMONADALES 


Order I, the Pseudomonadales, and order IV, the Eubacteriales, consist 
primarily of those bacteria classified in the sixth edition of Bergey’s 
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Manual as Eubacteriales. The Pseudomonadales, which includes all of 
the polar-flagellate and related types of bacteria, is subdivided into two 
suborders on the basis of energy source for the organisms—the photosyn- 
thetic species being classified as suborder I, the Rhodobacteriineae, and 
the chemosynthetic species as suborder II, the Pseudomonadineae. 

Rhodobacteriineae. This suborder of the Pseudomonadales is composed 
of three families, the Thiorhodaceae, Athiorhodaceae, and Chlorobac- 
teriaceae, characterized by their ability to use light as a source of energy. 
Morphologically, these photosynthetic bacteria closely resemble other 
species of the true bacteria. They are gram-negative, asporogenous, 
spherical, rod- or curved-shaped cells ranging in size from 1 to more 
than 20 p. These bacteria are characteristically pigmented red, purple, 
brown, or green, the color being due to the possession of a bacterio- 
chlorophyll and usually one or more carotenoid pigments. The chloro- 
phyll is located in minute bodies called granna. All species grow under 
anaerobic conditions in the light, while a few are also capable of growth 
under aerobic conditions in the dark. The photosynthetic bacteria may 
be characterized, to a great extent on the basis of the careful physio- 
logical and morphological studies of van Niel, in a general way as follows: 

Thiorhodaceae. These bacteria, which are widely distributed in sulfide- 
bearing waters, long constituted a puzzle in that while light was necessary 
for growth, oxygen was not liberated as a waste product as in the photo- 
synthetic activity of the green plants. Current theories postulate that 
water is split under the influence of light and chlorophyll into a hydrogen 
and a hydroxyl radical, the hydrogen being utilized for the reduction of 
carbon dioxide fixed by the cell. The hydroxy] radical is decomposed by 
the green plants with the formation of water and oxygen. The photo- 
synthetic bacteria are unable to carry out this reaction and instead reduce 
the hydroxyl radical with hydrogen obtained from compounds of sulfur, 
from organic matter, or with hydrogen gas. Water is formed as a result 
of the reduction while the hydrogen donor is oxidized, e.g., hydrogen 
sulfide to sulfur or sulfur to sulfate. The Thiorhodaceae are the purple 
sulfur bacteria—bacteria containing bacterial chlorophyll and various red 
and yellow carotenoid pigments. Hydrogen sulfide generally is utilized 
as the hydroxyl-reducing agent, sulfur granules frequently being de- 
posited within the cells. These bacteria are autotrophic in their nutri- 
tional requirements, although many species can employ simple organic 
compounds instead of hydrogen sulfide or other reduced compounds of 
sulfur, as the hydrogen source. 

Athiorhodaceae. This family is composed of the purple and brown, 
non-sulfur-containing, photosynthetic bacteria. These bacteria rather 
closely resemble those species constituting the Thiorhodaceae, the main 
physiological differences being that organic matter is the preferred source 
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of hydrogen (some species may use thiosulfate or hydrogen gas) for the 
reduction of the hydroxy] radical and that organic growth factors are re- 
quired. The Athiorhodaceae are, therefore, more heterotrophic in their 
metabolism than the Thiorhodaceae. In addition they exhibit a greater 
tendency to grow as heterotrophs in the dark under aerobic conditions. 
Morphologically, all known species quite closely resemble the true, non- 
photosynthetic bacteria, particularly of the family Pseudomonadaceae, 
although in older cultures, involution forms do resemble members of the 
genera Corynebacterium and Mycobacterium. 

Chlorobacteriaceae. These, as the name implies; are the green bacteria, 
their color being due to the possession of a green bacteriochlorophyll 
somewhat different in composition from the bacteriochlorophyll of the 
other two families of photosynthetic bacteria. They are all small bac- 
teria capable of growth in the presence of light under anaerobic conditions 
in an inorganic medium. Hydrogen sulfide is commonly employed as the 
source of hydrogen, being oxidized to sulfur, which is generally deposited 
outside the cells. 

Pseudomonadineae. This suborder of the Pseudomonadales is com- 
posed of a metabolically and morphologically heterogeneous group of 
organisms characterized by polar flagellation and chemosynthetic (energy 
obtained from oxidations) mode of life. As constituted in the seventh 
edition of Bergey’s Manual the suborder comprises bacteria formerly 
classified in two different orders and in different families as well. The 
constituent families, established on the basis of both physiological and 
morphological characteristics, can be described briefly as follows: 

Nitrobacteraceae. These are autotrophic bacteria capable of growing 
in an inorganic medium with carbon dioxide as the sole source of carbon, 
energy being obtained from the oxidation of ammonia to nitrite or of 
nitrite to nitrate. Nitrosomonas (ammonia oxidizer) and Nitrobacter 
(nitrite oxidizer) are representative genera. The constituent genera are 
established on the basis of which of the two compounds is oxidized and 
on morphological grounds. These bacteria are found in soil and in water 
and are of extreme importance in the economy of nature, converting 
ammonia into nitrates, which are essential for plant growth. Other auto- 
trophic species formerly were included in this family but now are classi- 
fied separately. 

Methanomonadaceae. This family is composec of pseudomonads on 
the border line between the autotrophs and the heterotrophs, many species 
being capable of growth on truly heterotrophic media. The constituent 
genera are established on the basis of their most characteristic energy 
source—Methanomonas oxidizing methane, Hydrogenomonas oxidizing 
hydrogen gas, and Carborydomonas growing at the expense of carbon 
monoxide, which is highly lethal to most forms of life. 
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Thiobacteriaceae. This family is composed of those autotrophic bac- 
teria which oxidize sulfur, thiosulfate, sulfide, or other reduced compounds 
of sulfur, obtaining energy for maintenance and growth from these oxida- 
tions, in contrast to the photosynthetic bacteria which utilize such com- 
pounds as a source of hydrogen- rather than of energy. These sulfur- 
oxidizing bacteria, such as Thiobacterium and Macromonas, are, like the 
nitrifying bacteria, of extreme importance in the maintenance of soil 
fertility. Sulfur, as such, or sulfide from the decomposition of cellular 
material are the main supplies of sulfur for green plants and must be 
oxidized by the sulfur bacteria to sulfate to render the element available 
to the plant. One species, Thiobacillus thiooxidans is characterized by 
its ability to produce sulfuric acid (sulfate) and grow in highly acidic 
solutions (pH 1.0 or less). Thiobacillus denitrificans grows anaerobically, 
oxidizing sulfur compounds at the expense of nitrates. 

Pseudomonadaceae. Twelve genera are proposed for this family of 
heterotrophic, polarly flagellated rods. The first three, Pseudomonas, 
Xanthomonas, and Acetobacter, are the best known, many of the other 
genera being of less frequent occurrence and characterized either by odd 
metabolic activities such as the oxidation of protamine, alginic acid, or 
aromatic substances such as phenol, or by their ability to produce light 
or to grow in highly concentrated salt solutions. 

Species of Pseudomonas are most commonly found in soil and water, 
although a few are animal pathogens and more are plant pathogens. One 
hundred and fifty or more species have been described, differing from 
each other primarily in various physiological characteristics. Many 
species produce bluish-green or yellowish-green pigments which are water 
soluble and diffuse through the medium. Species of the second genus, 
Xanthomonas, differ in that they produce a yellow, water-insoluble pig- 
ment and for the most part are plant pathogens causing necrosis in their 
hosts. The third major genus, Acetobacter, is characterized by aerobic 
fermentation, 1.e., the inability of its constituent species to carry out com- 
plete oxidation of most of the substrate to carbon dioxide and water. 
Instead, a major portion of the substrate is partially oxidized, ethyl 
alcohol for example being oxidized to acetic acid by the Acetobacter em- 
ployed in the preparation of Vinegar. 

Caulobacteraceae. This group of bacteria formerly was given the rank 
of a suborder but is now classified as a family of Pseudomonadales. The 
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mass. The stalk is composed of ferric hydroxide in the genus Gallionella 
and of organic matter in the genera Caulobacter, Siderophagus, and 
N evskia. Most species of the Caulobacteraceae are saprophytes ate 
in an aquatic environment. They have been studied only to a limited 
extent since many of the species cannot be cultivated readily, if at all 
in the laboratory in pure culture. 
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Fic. 6-1. Photomicrograph of Gallionella ferruginea, an iron bacterium. (From “Die 
Eisenbakterien” by H. Molisch, Jena, 1910; print by courtesy of R. L. Starkey.) 





Fic. 6-2. Schematic illustration of (A) stalked and (B) ensheathed bacteria, depicting 
false branching in the latter. 
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The most generally known species in this family is Gallionella fer- 
ruginea, a small kidney-shaped bacterium, 0.5 by 1.2 p, which secretes 
ferric hydroxide from the concave portion of the cell to form band-like 
stalks. A rotatory motion of the cells causes a spiral twisting of the 
stalks as illustrated in Figs. 6-1 and 6-2. This species, and similar bac- 
teria, are found in cool, iron-containing waters and are frequently a 
nuisance in water distribution systems, the deposit of iron in time de- 
creasing the rate of flow of the water. The cell masses, on breaking free 
from the supporting surfaces, discolor the water and may become quite 
a nuisance, although harmless as far as disease is concerned. 

Siderocapsaceae. This family is not well known and consists to a 
great extent of spherical or ovoid cells embedded in gelatinous masses, 
the capsules becoming encrusted with ferric hydroxide. Motile stages, 
if any, are unknown, but the cells resemble other species of Pseudo- 
monadales and are included in this order. They have not been culti- 
vated on artificial media and are found, for the most part, growing at- 
tached to the surfaces of leaves and other parts of water plants. There 
is some resemblance to the Caulobacteraceae, but the significance of the 
iron deposit is unknown. 

Spirillaceae. This, the seventh family of the Pseudomonadineae, is 
comprised of curved, polarly flagellated bacteria of widely different 
physiological types. Ten genera are recognized on the basis of physio- 
logical and morphological characteristics. They are usually found in 
soil or water, although a few species, particularly in the genus Vibrio, are 
pathogenic for man or other animals. Vibrio comma, the bacillus of 
Asiatic cholera, is the most notorious pathogen in the order Pseudo- 
monadales. 


THE CHLAMYDOBACTERALES 


The name Chlamydobacterales suggests that these are sheathed bac- 
teria, and most species are commonly enclosed in a sheath, which may 
be inorganic or organic in character. They are colorless, filamentous 
bacteria which in structure rather closely resemble certain of the algae. 
They are aquatic in habitat, some of them being attached to objects in 
the water while others are free-floating. This order is divided into three 
families—Chlamydobacteraceae, Peloplocaceae, and Crenotrichaceae— 
primarily on the basis of morphology. The families Chlamydobacteraceae 
and Crenotrichaceae do not contain sulfur granules and may exhibit false 
branching, the former family usually existing as free filaments while 
species of the latter family are generally attached to an object. Motile 
swarm cells can be formed by members of the first family, nonmotile 
conidia by the latter. The family Peloplocaceae consists of van genera 
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Peloploca and Pelonema, found in mud. The organisms are filamentous, 
tend to occur in stiff bundles, and have a tendency to bend or fold upon 
themselves. Relatively little information is available concerning this fam- 
ily. The Beggiatoaceae were formerly included in the order Chlamydo- 
bacterales, but they have been shifted to a new order, called the Beg- 
giatoales. 

Chlamydobacteraceae. This family consists of three genera—Sphae- 
rotilus, Leptothrix and Toxothrix—species of which may or may not show 
false branching or deposition of ferric hydroxide in the sheaths. In most 
species the sheath consists of polysaccharides or other gummy material 
which may be impregnated with ferric hydroxide; in other species the 
sheath is composed entirely of ferric hydroxide. At times a cell can be- 
come detached from others in the sheath and finally push out through it, 
continuing to grow and to form a new sheath. This (see Fig. 6-2) is 
responsible for the appearance of branching in cultures of these bacteria. 
When the sheaths become very thick, the cells or filaments slip out, leav- 
ing the empty sheaths behind. These empty sheaths can be observed at 
times when one examines deposits from iron springs under the microscope. 
The iron-depositing species of this family can interfere with the flow of 
water through pipes as previously mentioned for the Galhonella. It was 
long believed that the iron-depositing bacteria obtained part or all of the 





Fic. 6-3. Photomicrograph of ensheathed iron bacteria. 
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energy required for growth from the oxidation of reduced iron compounds. 
At least one species has been cultivated in an organic medium with only 
a trace of iron present, and it has not been cultivated in an iron-contain- 
ing, organic-free medium. Other species have not been obtained in pure 
culture, and the role of iron in their respiration remains obscure. There 
is some evidence suggesting that deposits of bog iron ore are due to the 
action of the iron bacteria. 

The genus Sphaerotilus is composed of species which form sheaths en- 
tirely organic in character. The type species, Sphaerotilus natans, forms 
a slimy sheath, 2 to 3 » in diameter, within which multiplication occurs 
by the formation of conidia. The conidia swarm out of the open end of 
the sheath; they may swim around for some time and finally attach 
themselves to some object and develop into slender filaments. The base, 
or holdfast, of the filament is mucilaginous in character. The cylindrical 
cells within the filament multiply and are arranged end to end in the 
sheath, which they secrete about them. Occasionally one may be dis- 
placed in the sheath and, as it continues to multiply, gives rise to a new 
filament passing from the original one and therefore to a branched ap- 
pearance, or false branching. The cells themselves do not branch. This 
organism may become quite a nuisance in sewage-disposal plants. 

Crenotrichaceae. Since so little information is available concerning 
the Peloplocaceae, we will skip consideration of it and consider next the 
third family, the Crenotrichaceae. This family is composed of three 
genera, Crenothrix, Pragmidiothriz, and Clonothrix, of nonbranching, fila- 
mentous cells which are spherical to cylindrical in shape and which divide 
in three planes to form spherical, nonmotile conidia in the tips of the 
sheath tubes, the latter expanding from the base toward the tip. The 
conidia may become attached to an old sheath, giving rise to new fila- 
ments and thus simulating false branching. The genus Clonothrir is 
composed of rather large, cylindrical cells which deposit iron or man- 
ganese in the organic sheath. The sheath narrows towards the tip. 


THE HYPHOMICROBIALES 


This is a new order of bacteria which can reproduce by buds formed at 
the end of long stalks that grow out from the cells (see Fig. 6-4). The 
Hyphomicrobiales are divided into two families—the Hyphomicrobiaceae 
in which the buds are formed on slender stalks, and the Pasteuriaceae, 
which multiply by budding or by longitudinal fission. The relationship 
of this family to other families of bacteria is not known. Two sic 
are recognized in both families: Hyphomicrobium and Rhodomicrobium 


(photosynthetic species) in the former, Pasteuria and Blastocaulis in the 
latter, 


* 
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Fic. 6-4. Schematic illustration of Rhodobacterium vannielli. ([Redrawn from Duchow 
and Douglas, Journal of Bacteriology, 58, 411 (1949).] 


THE EUBACTERIALES 


The bacteria in this order, along with those in the first order, constitute 
the true bacteria in the narrower use of the term “bacteria.” The Eubac- 
teriales are composed of peritrichously flagellated bacteria and related 
nonmotile species. The order is divided into thirteen families, indicated 
in the outline for the classification proposed in the seventh edition of 
Bergey’s Manual. Many of the order’s members will be considered in 
more detail as we consider the bacteria and their activities; the Eubac- 
teriales will not be described here. 


THE ACTINOMYCETALES 


The order Actinomycetales constitutes somewhat of a transition group 
between the true bacteria and the higher fungi in that most species form 
elongated cells which exhibit a marked tendency to branch in a manner 
analogous to the molds. The filaments, however, are thinner than those 
of the molds and generally are less than one micron in diameter. Four 
families are recognized on the basis of general morphological considera- 
tions: the Mycobacteriaceae, Actinomycetaceae, Streptomycetaceae, and 
Actinoplanaceae. These may be characterized as follows: 

Mycobacteriaceae. Members of this family have more in common with 
the true bacteria than do the other families of the order, exhibiting re- 
semblances to the Corynebacteriaceae in particular. The major genus in 
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this family, Mycobacterium, is composed of slender, nonmotile, gram- 
positive rods which may show a slight tendency to branch in old cultures; 
the other genus, Mycococcus, 1s spherical in form. All species are acid 
fast, a staining characteristic exhibited to some extent by certain species 
of the Actinomycetaceae, particularly in the genus Nocardia. Spores are 
not formed by members of this family. The tubercle bacillus is the best- 
known member of the family. It tends to multiply much more slowly 
than do other members, several weeks’ incubation often being required 
before good growth is evident from light inocula. 

Actinomycetaceae. Members of this family constitute a transition 
group between the Mycobacteriaceae and the Streptomycetaceae, like 
the latter family, the Actinomycetaceae form branched filaments of 
mycelium, but these filaments fragment in older cultures into short ele- 
ments which look like true bacteria or like tubercle bacilli. These frag- 
mentation forms are similar to the oidia formed by some species of the 
higher fungi and are called oidia or arthrospores. Chlamydospores may 
also be formed in older cultures. 

The family Actinomycetaceae is divided into two genera, the aerobic 
Nocardia and the microaerophilic or anaerobic Actinomyces. Many 
members of the former genus are able to oxidize paraffin or phenols as a 
source of energy. The Actinomyces species are parasitic, A. bovis causing 





. ies . 
Fic. 6-5. Photomicrograph of a species of Nocardia 
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lumpy jaw in cattle and A. israeli an actinomycosis in man. Nocardia 
madurae causes an infection known as Madura foot in man. 

Streptomycetaceae. The third family of the Actinomycetales most 
closely resembles the molds, producing a tangled mycelial mass with 
conidia borne at the end of hyphae. The filaments, like those of the 
Actinomycetaceae, are much thinner than in the true molds and are 
generally not greater than 1.5 » in diameter. They never fragment, as 
do the Actinomycetaceae, into coccoidal or bacillary forms. The mem- 
bers of this family are primarily soil forms, being of great value in the 
maintenance of soil fertility and, in particular, aiding in the breakdown 
of.complex organic matter 

This family is divided into three genera; the first two established on 
the basis of spore formation, the third, Thermoactinomyces, on the basis 
of heat resistance. The conidia are borne singly at the ends of short 
conidiophores in the genus Micromonospora, in chains at the ends of aerial 
conidiophores in the Streptomyces. More than seventy species are recog- 
nized in the latter genus, particularly on the basis of biochemical activities 
and pigment formation. A large number of species produce antibiotic 
agents, Streptomyces griseus, e.g., forming streptomycin. 

Actinoplanaceae. Relatively little information is available considering 
this family of the Actinomycetales. Individual species appear to form 
sporangiospores rather than conidiospores, and in some species, at least, 
the spores are flagellated. 


THE CARYOPHANALES 


This order is composed of filamentous or rod-shaped bacteria, often 
quite large (5 microns wide by 20-50 microns long) and quite complex 
structurally. The central bodies frequently referred to have been shown 
to be analogous to the nuclei of other bacteria, while the ring-like bod- 
ies evident in many cells are transverse septa. These septa can be 
observed in unstained cells and, together with the outer walls, in some 
lysed preparations. The Caryophanales are divided into three families— 
Caryophanaceae, Oscillospiraceae, and Arthromitaceae—on the basis of 
morphology (see outline). Little is known as yet of the general activity 
of this group in nature. 


THE BEGGIATOALES 


Winogradsky around 1887 demonstrated conclusively that the large 
filamentous bacterium Beggiatoa alba deposited small granules of sulfur 
within the cell when grown in the presence of hydrogen sulfide. Upon 
depletion of the sulfide the intracellular sulfur was oxidized to sulfate. 
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These autotrophic organisms are found in waters which contain hydrogen 
sulfide and often give rise to extensive white coatings of fine interlacing 
filaments deposited upon the bottom of the stream. The filaments are 
composed of chains of cells, and in this respect Beggiatoa appears to be 
related to the Chlamydobacterales. Motility, when present, does not 
appear to be the result of flagellar activity but instead is more of a glid- 
ing, the extremities of the filaments often waving back and forth. In this 
motion and in its cytology Beggiatoa resembles some of the blue-green 
algae in the family Oscillatoriaceae. Primarily on the basis of motility 
the Beggiatoa and related bacteria are placed in a new order, the Beg- 
giatoales, rather than in the Chlamydobacterales, in the seventh edition 
of Bergey’s Manual. 

Four families are proposed in the new classification: Beggiatoaceae, 
Vitreoscillaceae, Leucotrichaceae, and Achromotiaceae. These were de- 
scribed briefly in the outline. The family Achromotiaceae is included in 
this order although the cells occur singly. Motility, however, is jerky or 
rotational in character, and no organs of locomotion are known. The 
Vitreoscillaceae, described by Pringsheim in 1951, are closely related 
morphologically to the Beggiatoaceae but obtain energy from the oxida- 
tion of organic matter rather than of sulfide or intracellularly deposited 
sulfur. 


THE MYXOBACTERALES 


These are commonly called the slime bacteria, because the vegetative 
cells form and multiply within a slimy matrix to produce thin, irregularly 





Fic. 6-6. Photomicrographs of colonies and cells of myxobacteria 
“Documenta Microbiologica,” Gustav Fischer, Jena, 1927.) . 
¥ oe rubescens. The brighter globules are fruiting bodies. 
2. (A) Myzxococcus stimtatus, fruiting bodies. 

(B) Chondromyces auranticus, fruiting bodies. 
3. Colony of Sorangium compositum. 


(From Nowak, 
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shaped, spreading colonies, or pseudoplasmodia, often spoken of as the 
swarm stage. The actively growing vegetative cells are relatively long, 
slender, flexible, nonflagellated rods. These rods are motile, but motion 
is due to some mechanism other than propulsion by flagella. The cells 
frequently are arranged in groups of 2 to 12 or more lying parallel to each 
other, the group moving as a unit on a thin layer of slime which the cells 
excrete, motion being away from the center of the colony. It has been 
suggested that this creeping or crawling motion is due to asymmetrical 
slime production, the greatest production at one end pushing the unit 
along, possibly with some aid from the individual cells comprising the 
unit. 

Most of the genera of the Myxobacterales are also characterized by the 
formation of fruiting bodies, or cysts. When the pseudoplasmodium ap- 
proaches maturity, the cells tend to collect in a mass or masses, which 
in many instances are elevated above the substratum on a mucilaginous 
base which hardens to some extent. The cells pass into a resting stage, 
becoming shortened and thickened and frequently developing a relatively 
thick, highly refractile wall. These are known as microcysts, or spores. 
In some species the fruiting bodies are simply finger-like projections con- 
taining microcysts; in other species the fruiting bodies show a greater 
degree of differentiation, the spores being enclosed within large cysts 
surrounded by a relatively firm membrane. A considerable degree of 
communal activity may be involved in the formation of fruiting bodies, 
particularly in those species in which branching fruiting bodies are pro- 
duced with vegetative cells being used up in the process. The fruiting 
bodies are either sessile or stalked and are usually pigmented orange, red, 
yellow, or brown, though black or colorless bodies may be formed. The 
nature of the spores (microcysts) and of the fruiting bodies (cysts) varies 
with the different species and is employed as a basis for their classifica- 
tion into families. In one family, the Cytophagaceae, the fruiting stage 
is absent, but the other characteristics of the species in this family are 
those characteristic of the order as a whole. The families (the same in 
the sixth and seventh editions of Bergey’s Manual) can be briefly char- 
acterized as follows: 


I. Cytophagaceae, neither definite fruiting bodies nor microcysts 
Il. Archangiaceae, resting cells elongate, fruiting bodies not of definite shape but 
usually finger-like processes : 
III. Sorangiaceae, resting cells elongate, cysts usually angular, vegetative cell thick 
and short with rounded ends 
IV. Polyangiaceae, resting cells elongate, cysts usually rounded, vegetative cells long 
and thin with pointed ends 
V. Myxococcaceae, resting cells spherical to ellipsoidal, fruiting bodies vary with 
the species or are absent 
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Most of the known species are saprophytic and are commonly found on 
rotting wood or other complex vegetable matter or on dung. They fre- 
quently appear to live in close association with true bacteria and may be 
parasitic upon them. The family Cytophagaceae is best known. Species 
of the genus Cytophaga, like many members of this order, have the abil- 
ity to decompose complex materials such as cellulose, and for this reason 
they are highly valuable in the maintenance of soil fertility, returning 
this material to the soil in usable form. At least one species is able to 
liquefy agar. Many species of this order have not been studied in pure 
culture. It may be that the members of this order form a transition group 
between the bacteria proper and the Myxomycetes, or slime molds. 


THE SPIROCHAETALES 


This, the ninth order of the Schizomycetes, contains the relatively 
elongated, flexible, spiral bacteria which, like the Myxobacterales, differ 
from the other bacteria in that they do not possess rigid cell walls. Some 
of the simpler species in this order have characteristics similar to those 
of the genus Spirillum of the Eubacteriineae; others are approaching the 
Protozoa in structure or mode of life. Some species possess an axial fila- 
ment that can be readily demonstrated, others a lateral crista, or ridge, 
and others transverse striations; otherwise there is no particular proto- 
plasmic pattern. All forms are motile, motility being by serpentine mo- 
tion or by spinning on the long axis, although recent electron micrographs 
suggest polar flagellation in some species. Multiplication is by transverse 
fission, and no sexual cycle is known. Most species are difficult to culti- 
vate, or have not been cultivated, in the laboratory. They generally stain 
with difficulty with the ordinary bacteriological stains, special stains such 
as the Giemsa stain or impregnation with silver being required. They 
can be most readily observed in the dark field. 

The order is divided (sixth and seventh edition of Bergey’s Manual) 
into two families, the Spirochaetaceae, consisting of cells with definite 
protoplasmic structures and ranging from 30 to 500 y» in length, and the 
Treponemataceae, shorter spirals with no obvious protoplasmic structure. 
The Spirochaetaceae are primarily saprophytes commonly found in water 
polluted with sewage or other organic wastes, while the Treponemataceae 
are generally parasitic forms. The latter family consists of three genera: 
the Borrelia, which stain readily with aniline dyes and can (?) be culti- 
vated in the laboratory; the Treponema, which are strict anaerobes, are 
orally ia sk dpe 178 Sn saoies Ag. and the Leptospira, which 

m | yeing aerobes and have one or both ends 
characteristically hooked when cultivated in liquid media. 

Certain species of Borrelia (e.g., B. recurrentis), often transmitted by 
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Fic. 6-7. Photomicrograph of spirochetes in a dark field. 
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ire the cause of relapsing fevers which resemble some of the 


insects, 
Other pathogens in this family are Treponema 


trypanosome infections. 
pallidum, the agent of syphilis, and Leptospira icterohaemorrhagiae, the 


cause of infectious jaundice. 


THE MYCOPLASMATALES 


This. the tenth and last order of the Schizomycetes as defined in the 
eventh edition of Bergey’s Manual, was considered the family 3orrelo- 
veetaceae in the previous edition. One family, Mycoplasmataceae, is 
cognized and contains one genus, Mycoplasma. Since all the 
behind this change and also the descriptions are not available at 


the following discussion of the Mycoplasmatales 


now re 


time ol writing 
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Borrelomycetaceae, or pleuropneumonia group is based upon earlier ter- 
minology and information. 

In 1898 Nocard and Roux cultivated bacteria-like organisms from 
pleural exudate obtained from a cow ill with a disease now known as 
bovine pleuropneumonia. This organism (Asterococcus mycoides, Myco- 
plasma mycoides?) was shown to pass through filters which would retain 
ordinary bacteria, suggesting a possible relationship with the filtrable 
viruses. It grows barely, if at all, on ordinary media and more readily 
in the presence of up to 25 per cent of serum. In serum-enriched media 
the growth in several days gives rise to colonies barely visible to the naked 
eye. The cells, which are gram negative, do not stain readily with the 
ordinary aniline dyes commonly employed in the laboratory, and without 
special precautions they are generally destroyed in the preparation of the 
usual bacterial “smear.” : 

In contrast to the bacteria, the pleuropneumonia organisms appear t 
be soft and fragile, lacking a rigid cell wall. In fluid media in particular, 
they are highly pleomorphic, giving rise to a wide variety of sizes and 
shapes—coccoid, bacillary, curved, filamentous, and globular forms, rang- 
ing in size from about two-tenths of a micron to ten or more microns. 
The globular forms, or “large bodies,” appear to be part of a reproductive 
cycle and to be produced by the swelling of bacillary or filamentous forms. 
These large bodies produce granules or filaments by internal segmenta- 
tion or multiple germination, and the minute forms so produced are set 
free on autolysis of the large body. The minute reproductive bodies do 
not have the characteristics of spores. The development and subsequent 
autolysis of the large bodies tend to produce a roughened or granular 
appearance in the colonies of this group of organisms. 

At least one organism in the pleuropneumonia group, Streptobacillus 
moniliformis, closely resembles the actinomyces in many respects but 
gives rise after several days’ incubation to highly pleomorphic forms 
characteristic of the pleuropneumonia group. This was first believed 
to be the result of the growth of a second organism in association with 
the actinomyces-like form, and Kleneberger considered the pleomorphic 
form to be a pleuropneumonia type of organism, which she termed “JL.” 
Present evidence indicates that there is but one organism involved and 
that the actinomyces-like form and the L,; form represent different stages 
of growth of one organism characterized by a complex reproductive cycle. 
The L, form is more resistant to heat and to penicillin than the acti- 
nomyces form, but in their fermentative and serological properties they 
are very similar or identical. 

. The majority of the members of the pleuropneumonia group are para- 
sitic or pathogenic forms and are responsible for infections such as pleuro- 
pneumonia of cattle, related diseases in other animals, and agalactia, an 
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inflemmatory infection of the mammary glands of lactating sheep and 
goats. However saprophytic species have been isolated from soil and 
from sewage. 

Members of the pleuropneumonia group do not appear to be true bac- 
teria in the sense of the definition and general descriptions which we have 
considered. They multiply by methods other than binary fission, require 
highly enriched media for growth, which is never luxuriant, produce ex- 
tremely minute colonies, exhibit very marked variations in morphology, 
stain poorly with the ordinary bacteriological stains, are extremely frag- 
ile, and, at least in certain stages of growth, pass readily through bacteria- 
retaining filters. They more closely resemble the viruses in size, in filtra- 
bility, and pathogenicity, but they do grow to a limited extent on lifeless 
media and saprophytic forms do exist. Such considerations suggest that 
they belong in a group intermediate between the bacteria and the viruses. 
However other workers believe that the pleuropneumonia organisms are 
phases in the life cycle of bacteria and present evidence indicating that 
filtrable forms and large bodies are produced in cultures of typical bac- 
teria including common species of Proteus, Escherichia, Hemophilus, 
Neisseria, and Bacterovdes. 

This sketchy consideration of the pleuropneumonia group of micro- 
organisms suggests the heterogeneity of the bacteria and related forms 
and further illustrates the difficulties encountered in any classification of 
the various types of microorganisms and ultramicrobes into families, 
orders, and other groups and subgroups. Possibly, as Frobisher and 
others have suggested, there is a continuity of animate matter somewhat 
analogous to continuities such as wave motions encountered in inanimate 
matter, the continuity in the latter case being broken down into radio 
waves, X rays, visible light, heat, etc., on a rather arbitrary basis. The 
pleuropneumonia group does have characteristics exhibited at times by 
different bacteria, but for the present it might be preferable to consider 
it and the rickettsiae as transition groups between the bacteria and the 
viruses, much as the latter may be a transition group between animate 
and inanimate matter. 

For more complete descriptions of the orders, families, genera, and 
individual species, for reference to the original literature on each, and 
for any changes that may be introduced, the student is again referred 
to the sixth and seventh editions of “Bergey’s Manual of Determinative 


Bacteriology.” 
THE RICKETTSIALES 


In the outline of the classification proposed in the seventh edition of 
Bergey’s Manual, a new class of Schizomycetes, the Microtatobiotes, is 


proposed. This class was defined as smallest life and is made up of two 
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orders, the Rickettsiales and the Virales. Nomenclature and classifica- 
tion of the latter taxon is in a state of flux, and no generally accepted 
scheme has been advanced. It appears that the Virales will be the sub- 
ject of a separate volume. These organisms, the filtrable viruses, will be 
considered in the following chapter. The rickettsia appear to be closely 
related to the viruses, to some extent on the basis of size (see Fig. 6-3) 
but primarily on their inability, like that of the viruses, to multiply in 
lifeless media. The rickettsiae are found primarily in arthropods, in 
which they live without producing any apparent symptoms of disease, 
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usually. On transmission to man or other animals, however, they are 
apt to cause infection. Morphologically the rickettsiae are more closely 
related to the bacteria than to the viruses and, therefore, will be consid- 
ered here. The terminology employed, however, is that proposed in the 
sixth edition of Bergey’s Manual because little information other than 
that given in the outline is available at the time of writing this chapter. 

Ricketts in 1909 first recognized a minute organism, now known as 
Rickettsia dermacentroxenus or preferably Rickettsia rickettsii, as the 
causative agent of Rocky Mountain spotted fever. In the following year 
he reported a similar organism as the cause of typhus fever (not to be 
confused with typhoid fever of bacterial origin), a finding definitely 
established in 1916 by da Rocha-Lima, who demonstrated the louse-borne 
nature of the disease. The latter named the causative agent of typhus 
fever Rickettsia prowazeku in honor of Ricketts and of Prowazek, both 
of whom lost their lives in the study of the disease. 

These and other rickettsiae differ from the bacteria in their inability 
to grow in lifeless media, their poor staining properties, and their normal 
association with insect life, generally arthropods. They are more rigid 
and less pleomorphic than the pleuropneumonia group and differ from 
the viruses in their larger size and their inability (with one exception, 
Coriella burnetii) to pass through the bacteria-retaining filters. In mor- 
phological characteristics they more closely resemble the bacteria than 
the viruses; in their parasitic mode of life the reverse holds true. Hence 
they may be considered for purposes of discussion as a transitional group 
between the bacteria and the viruses. 

The Rickettsiales (see Fig. 24-10) are frequently pleomorphic organ- 
isms, 0.2 to 0.5 » in diameter and up to 2 p» in length in the rod-shaped 
forms. They are spherical rod-shaped, or irregularly shaped organisms 
and are gram negative in their staining characteristics. They can most 
readily be demonstrated in Giemsa or similarly stained preparations. 
These agents are more rigid than the pleuropneumonia group and, in con- 
trast to the latter and the bacteria, grow only in living tissues (generally 
intracellularly) in vivo or in vitro. They are primarily parasitic upon 
arthropods, which act as vectors, but they can be transmitted by these 
hosts to man and other animals. In the sixth edition of Bergey’s Manual 
they are divided into three families, which can be characterized as 


follows: 
Key To THE FAMILIES OF THE OrDER RICKETTSIALES 


Either intracellular parasites, or intimately associated with tissue cells. Generally 
transmitted by arthropod vectors 
Family 1, Rickettsiaceae 


Facultative parasites found characteristically in or on the erythrocytes of vertebrates. 
May be transmitted by arthropod vectors 
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Key To THE FAMILIES OF THE ORDER RickerrstaLes (Continued) 


Family U1. Bartonellaceae 


Intracellular parasites found in vertebrate tissues. Not transmitted by arthropod 
vectors 
Family II. Chlamydozoaceae 

The family Rickettsiaceae has been divided into three genera, the 
Rickettsia, Coviella, and Cowdria. Since the latter two genera contain 
but one species each, and since these have been created primarily on the 
basis of filtrability of the second genus and on the basis of a tendency to 
a spherical shape in the third genus, there is considerable question as to 
the validity of such a classification. Therefore they will be considered 
as a unit for our purposes of discussion. 

The rickettsiae tend to parasitize the cells lining the intestinal tract of 
insects, only a few actually being pathogenic for their insect host, among 
these particularly the typhus agent, which is pathogenic for the louse. 
They may be transmitted to an animal host either in the feces or the 
saliva of this vector. In the United States the most important rickettsial 
infections of man are typhus fever and Rocky Mountain spotted fever, 
the first being transmitted by lice, the latter by wood ticks. Cases of 
true or epidemic typhus are rare in this country, but the related disease, 
endemic typhus or murine typhus, does occur, particularly in the Southern 
states. It is caused by R. mooseri and is spread by a rat flea rather than 
body or head lice. The rickettsiae of Rocky Mountain spotted fever can 
be transmitted from the female tick through the eggs to the progeny. 
Tsutsugamushi, primarily an Oriental disease common in swampy areas 
and rice fields, is caused by R. nipponica (R. tsutsugamushi), is spread 
by infected mites, and in its clinical symptoms is closely related to typhus 
and Rocky Mountain spotted fevers. The fourth common rickettsial in- 
fection, Q fever, caused by R. burnetu (or Coxiella burnetic), is clinically 
distinct from the three above-mentioned diseases. Q fever rather closely 
resembles influenza or atypical pneumonia in its clinical picture. The 
characters of the rickettsiae and rickettsial infections are best illustrated 
by typhus fever. 

Typhus fever has been known for many centuries, and as Zinsser has 
pointed out in his book “Rats, Lice and History,” it has markedly in- 
fluenced the course of history. It becomes epidemie when peoples are 
crowded for lengths of time under unhygienic conditions in close contact. 
e.g., in armies, when cleanliness becomes impossible to maintain, and in 
poverty-ridden, starving populations. Insecticides such as DDT greatly 
reduce the danger of outbreaks of typhus if carefully employed to con- 
trol the louse population of man. Their worth was clearly demonstrated 
in occupied countries during the Second World War. Some control of the 
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spread of this disease and the closely related rickettsial diseases is pos- 
sible by the use of vaccines prepared from chemically killed rickettsiae 
produced in cultures in the developing chick embryo in hen’s eggs. Con- 
trol of other rickettsial diseases can be accomplished to some extent by 
control of the insect vector and with vaccines. 

The Bartonellaceae are primarily parasites of erythrocytes in man and 
other vertebrates but may be transmitted by arthropod vectors in some 
eases. They cause bartonellosis in man and related infections in lower 
animals. These organisms appear to be more closely related to the bac- 
teria than are the Rickettsiaceae, since the Bartonellaceae are known 
to multiply by binary fission and some species have been cultivated in 
serial passage in cell-free media. 

The third family of the Rickettsiales, the Chlamydozaceae, consists of 
organisms which are small, pleomorphic, often coccoid in shape, obligate 
intracytoplasmic parasites with characteristic development cycles. Many 
of these organisms were once, or still are, believed to be viruses. They 
are the cause of infectious diseases such as trachoma, conjunctivitis, 
psittacosis (parrot fever), one type of viral pneumonia, a venereal infec- 
tion known as lymphogranuloma venereum, and a number of infections 
of lower animals. 

Classification of these borderline organisms is difficult, and an extensive 
study of them would be out of place in general bacteriology. They have 
been considered primarily to introduce the viruses and to indicate that 
bacteriology or microbiology is not a stagnant field but rather one in 
which many of the members are not well known. It might be of interest 
to mention that similar organisms, possibly rickettsiae or bacteria, which 
are parasitic upon other microorganisms, protozoa, are known and in 
Bergey’s Manual (sixth edition) were tentatively placed in an appendix 
to the order Rickettsiales. With increasing studies of the Rickettsiales 
and of the Borrelomycetaceae our knowledge of these organisms in the 
future will not be as incomplete as at the present time, and they can be 
considered more systematically. 
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CHAPTER 7 


THE VIRUSES 


There is no single criterion by means of which the filtrable viruses, or 
more simply the viruses, can be differentiated from the bacteria and the 
forms of life intermediate between the bacteria and the viruses. The 
viruses and intermediate organisms are characterized primarily by their 
parasitic mode of life, their minute size, and their inability to multiply 
well, if at all, on lifeless media. An attempt was made to define and 
classify these various agents in the sixth edition of “Bergey’s Manual of 
Determinative Bacteriology” in a supplement described as “groups whose 
relationships are uncertain.” This classification can be summarized as 
follows: 


1. Obligate intracellular parasites or dependent directly on living cells 
a. Not ultramicroscopic and only rarely filtrable. More than 0.1 « in diameter 


Group I. Order Rickettsiales 


aa. Usually ultramicroscopic and filtrable. Except for certain pox viruses of animals 
and a few plant viruses, less than 0.1 « in diameter 


Group Il. Order Virales 


2. Grow in cell-free culture media with the development of polymorphic structures 
including rings, globules, filaments, and minute reproductive bodies (less than 0.3 u 
in diameter) 


Group III. Family Borrelomycetaceae 


We saw in the preceding chapter that the pleuropneumonia group and 
the rickettsiae, the organisms intermediate between the bacteria and the 
viruses, together with the viruses are included in the Schizomycetes in 
the seventh edition of Bergey’s Manual. The viruses are classified as 
one order, the Rickettsiales as another, in the class Microtatobiotes or 
smallest life, but the viruses are not considered individually in the first 
volume of the seventh edition. No system of classification has been ac- 
cepted generally, and viruses are most frequently designated by common 
names. It has been proposed that viruses be given binomial names, the 
first indicating the group to which the virus belongs and the second name 
that of the individual virus, the terms “group” and “group member” being 


employed rather than genus and species. The virus of smallpox would be 
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termed Poxvirus variolae, that of poliomyelitis (infantile paralysis) Polio- 
virus hominis, and that of influenza A virus, Myxovirus influenzae-A, ac- 
cording to this system. Undoubtedly other proposals regarding nomen- 
clature and classification will be made before a satisfactory system is 
developed. 

The viruses are not readiiy set apart from the Rickettsiales and the 
Mycoplasmatales by definition, and some workers classify certain infec- 
tious agents, e.g., those of psittacosis and lymphogranuloma venereum, as 
viruses while others consider them as Rickettsiales. For our purposes we 
can define viruses as ultramicroscopic, filtrable, infectious agents which 
depend on living plant or animal cells for their multiplication. Rickett- 
siae also depend upon other cells for their reproduction, but with one 
exception they are not filtrable agents. The pleuropneumonia organisins 
tend to pass through filters more readily than certain of the larger viruses, 
but the latter have not been cultivated on lifeless media. Both viruses 
and the rickettsiae tend to lead an intracellular existence in the hosts 
upon which they are parasitic, but this is also true of certain bacteria, 
particularly of the genus Brucella. The bacteria, however, can be culti- 
vated in the laboratory on lifeless media. There is considerable hetero- 
geneity amongst the agents recognized as viruses, and no definition as yet 
advanced is completely satisfactory. 

Pasteur in his studies on rabies was unable to demonstrate the presence 
of a visible causative agent in brains or spinal cords from rabid animals, 
such tissue, however, being infective for susceptible animals. Pasteur 
suggested that infectious agents might possibly exist below the limits of 
visibility in the microscope. In 1892, Iwanowski, working with a mosaic 
disease of tobacco plants, demonstrated that Juice from infected plants 
remained infective after passage through bacteria-retaining filters. Little 
attention was paid to this observation until 1898 when Beijerinck made 
a similar observation. Because he was unable to demonstrate, culturally 
or microscopically, the presence of bacteria in the infectious Juice and 
because the agent diffused through agar, Beijerinck concluded that the 
fluid itself, which he spoke of as a “living fluid contagium,” must be 
infectious. In the same year Loeffler and Frosch reported the filtrability 
of the agent of foot-and-mouth disease of cattle and Sanarelli suggested 
that a tumor-like malady of rabbits was of virus origin. Later numerous 
other diseases were recognized as being of virus origin, and during the 
First World War Twort and particularly d’Herelle recognized that bac- 
teria also are subject to infection with filtrable viruses called bacterio- 
phages. 

These various discoveries brought forth many ideas concerning the 
nature of the filter-passing, ultramicroscopic agents, since they opened 
an entirely new field of biology on the border line between animate and 
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inanimate matter. Are the viruses biological or chemical entities? Un- 
like known chemical poisons or toxins, they elicit multiplication of them- 
selves when present in susceptible cells; unlike the bacteria, they are not 
visible (with a few exceptions) under ordinary microscopes and do not 
multiply on lifeless media. In 1935 Stanley was able to crystallize a pro- 
tein from the juice of plants infected with tobacco-mosaic virus; this 
crystalline material was highly in- 
fectious, and its infectivity remained 
constant on repeated crystalliza- 
tions. Since then, other viruses have 
been crystallized or obtained in 
highly purified form, and each 1s 
composed of nucleoprotein alone or 
in association with other substances. 

Tobacco-mosaic virus is one of 
the smallest viruses (see Figs. 6-8 
and 7-2), being approximately 15 
millimicrons (mp) in diameter by 
280 mp in length. Vaccinia virus is 
one of the largest viruses, approxi- 
mately 225 my» in diameter, and in 
addition to nucleoprotein has been 
found to contain lipid, carbohydrate, 
and the enzymes or coenzymes phos- 
phatase, catalase, lipase, biotin, ri- 
boflavin, flavin adenine dinucleotide, and an as yet unexplained but ap- 
parently significant amount of copper. Vaccinia and many other viruses 
studied have an appreciable water content, while tobacco mosaic virus 
crystals are free of water, suggesting in the latter complete lack of 
metabolic activity. Yet these particles, when introduced into the sus- 
ceptible host, can alter the activity of the cells in which they become 
established and lead to multiplication of the virus to hundreds or even 
thousands of times the amount present in the original inoculum. 

As a whole, on the basis of information now available, the viruses in- 
crease in chemical complexity and in internal structure (as evidenced by 
electron micrographs) as they increase in size from the smaller ones— 
viruses of poliomyelitis and tobacco mosaice—through intermediate sizes 





Fic. 7-1. M. W. Beijerinck. 


represented by influenza and bacterial viruses—to vaccinia and variola 
(see Fig. 7-2 and Table 7-1 on pages 148-149). Chemical complexity 
and size of a virus such as that of tomato bushy stunt are little or no 
greater than those of chemical entities such as hemoglobin or certain 
hemocyanins, while vaccinia virus approaches bacteria and related micro- 
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Fic. 7-2. Electron micrographs of different viruses enlarged to the same extent. 
(1) Vaccinia, (2) Influenza, (3) Tobacco mosaic, (4) Potato-X, (5) T2 Bacteriophage, 
(6) Shope papilloma, (7) Southern bean mosaic, (8) Tomato bushy stunt. [From 
Knight, Nucleoproteins and virus activity, Cold Spring Harbor Symposia on Quanti- 
tative Biology, 12, 115 (1947).] 


organisms in these respects. If it could be cultivated in lifeless media, 
no doubt it would be recognized as a microorganism. Much remains to 
be learned about these infinitely minute infectious agents on the lower 
border line of biology, agents which may be chemical entities or com- 
plexes which borrow characteristics of life from the cells which they para- 
sitize and in the absence of their host exhibit properties of inanimate 
matter. Whatever their real nature we can learn much from a consid- 
eration of their general properties. 

Green and Laidlaw have suggested that the viruses represent degen- 
erate descendants of pathogenic microorganisms. One of the more con- 
vineing arguments is that various degrees of degeneration are represented 
in the viruses, ranging from a fairly complete biological entity such as 
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TABLE 7-1. CHARACTERISTICS * of SomME VIRUSES PATHOGENIC FOR MAN 






Disease 


Size (mu) and shape 


Portal of entry 


Tissue preferred 


eo i Ee eee 


Dermatropic 
a ee 


235+, spherical or 
brick-shaped 

200+, spherical or 
brick-shaped 

240+, brick-shaped 


Vaccinia (cowpox)...... 
Variola (smallpox)...... 
Chickenpox (varicella) . . 


Measles (rubeola)....... 100?, spherical 


German measles ? 
(rubella) 
Herpes simplex......... 150+, spherical 


Skin 


Respiratory tract 
or skin 
Respiratory tract 


Respiratory tract 
Respiratory tract 
Usually present in 


tissues, acti- 
vated by fever, 


7 ete. 


Skin 


Skin and mucous 
membranes 

Skin and mucous 
membranes 

Respiratory epi- 
thelium and skin 

Skin and cervical 
lymph glands 

Skin, mucous mem- 
branes, and 
nerves 


2 eS SF ee 


Neurotropic 


Se 


Poliomyelitis. 9422.50 - 30+, spherical? 


Rabies 2 Snes sees ae 125+, ? 


St. Louis encephalitis. . .| 20-30 

Equine encephalo- 
myelitis 

Herpes zoster (shingles) .| 240+, brick-shaped 


30-50, spherical 


Pharyngeal 
mucosa and 
intestinal tract 

Nerve fibers or 
blood stream 

Blood stream(?) 


Blood stream, 
nose(?) 

Skin and mucous 
membranes 


Viscerotropic 





Yellow fever........... 


Infectious hepatitis (epi- 
demic jaundice) ? 


Colorado tick fever 


| Blood stream 


Blood stream 


| Blood stream 


Central nervous 
system 


Central nervous 
system 

Central nervous 
system 

Central nervous 
system 

Skin and nerves 


Liver 


Liver 
Spleen (?) 


—_e__—_. eee eco SS 


Based in part on a summary in a supplement to Scope, 3, no. 11 (1953) published 


by the Upjohn Company. 
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Tasie 7-1. CHARACTERISTICS OF SoME VirUSES PATHOGENIC FOR MAN (Continued) 
Sess 
Disease Size (mz) and shape | Portal of entry Tissue preferred 
eS 
Pantropic 


a i 


Coxsackie group........ 20+ Nose, pharynx, or 
intestine(?) 
Dengue fever.......... 20+, dumbbell- to | Blood 
rod-shaped 


ee eee 





Miscellaneous 
AATICTIZA Ge ds hor se. 100+, ovoid to Respiratory tract | Respiratory 
spherical epithelium 
Common cold.......... Less than 50(?) Nose Nasal mucosa 
Epidemic keratoconjunc- 
BEVIS Bins apes c 75+ Conjunctiva Conjunctiva 
Newcastle disease virus| 115+, filamentous | Conjunctiva Conjunctiva 
conjunctivitis or spermlike 
ee ee 180+, round to oval | Mouth Salivary glands, 
gonads, central 
nervous system 
Lymphogranuloma 300+ Genital tract, Lymph glands 
venereum (a virus?) skin(?) 





vaccinia to the smallest and apparently simplest viruses. Possibly in the 
latter case all that is left is an aberrant gene, but the possibility remains 
that the virus may be an aberrant gene of the host rather than of the 
parasite species. The above discussion indicates that speculation is rife 
in the virus field, and the ideas presented should be considered as specu- 
lative in character. To return to more solid ground, it might be well at 
this time to summarize briefly the main facts known concerning the 
viruses and then to illustrate the nature of viruses and of their action by 
a consideration of the bacterial viruses, or bacteriophages. 

Properties of Viruses. There are certain properties common to all the 


wa regarded as viruses, and these may be summarized as follows: 
. Vi 


ses are obligate parasites, multiplying only in the presence of susceptible cells. 
They are specific in that a virus naturally attacks but one or a limited number of 
host species and generally specific tissues or cells within the host; i.e., they exhibit 


definite tropisms. 
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3. When a virus is introduced into a susceptible host, multiplication of the virus 
occurs with production of more of the same agent but subject to variation (see 
Chap. 14) within limits similar to those observed with higher organisms. 

4. They are susceptible to general cellular poisons, in many instances being somewhat 

more resistant than the bacteria to disinfectants. Many of the animal viruses, 
however, are more susceptible to inactivation by oxygen or oxidation than are the 
common bacteria. Most viruses, except the large borderline ones, are resistant to 
the antibiotics. 

/They are particulate as demonstrated by ultrafiltration, ultracentrifugation, diffu- 

sion, and electron microscopy, ranging in diameter from approximately 10 to 300 
mu. The majority of the viruses appear to be more or less spherical in shape. 

6. They are antigenic, eliciting the production of antibodies capable of neutralizing 
their activity. All viruses that have been purified and chemically analyzed are 
composed of protein and nucleic acid or these substances plus others in the larger 
viruses. As a general rule the nucleic acid is of the ribonucleic acid type in the 
plant viruses, deoxyribonucleic acid in animal ones. However, a number of excep- 
tions to this statement are known, e.g., tobacco mosaic virus contains deoxyribo- 
nucleic acid and the viruses of influenza and poliomyelitis, ribonucleic acid. 

_ Viruses are recognized by what they do and not by what they are. Their destruc- 
tivity in both the plant and animal kingdoms is comparable in importance with 
that of the bacterial pathogens, and the recognized number of species (248) in 
Bergey’s Manual (sixth edition) exceeds those of any order of the Schizomycetes 
with the exception of the Eubacteriales (929). 


% 


~J 


The Bacteriophage. Certain specific viruses pathogenic for plants or 
animals will be considered briefly in this and later chapters, but at this 
time attention will be focused on the group of viruses active against the 
bacteria, as this group well illustrates many of the agents studied in 
virology. In addition, the student of general bacteriology can readily 
study the phenomena of bacteriophagy in the laboratory, since they can 
be demonstrated in a short period of time with simple equipment and 
without resort to the use of experimental plants or animals. 

A bacteriophage or bacterial virus is a species of virus parasitic upon 
specific bacteria, generally a particular species thereof. Frequently the 
specificity is even greater, the phage attacking one or more strains within 
a species. A considerable number of phages have been isolated, gener- 
ally from fecal material, and they have been differentiated from each 
other on the basis of strain or species specificity for the bacteria attacked 
by the phage. Just how the bacteriophage acts upon the bacteria is not 
definitely known, but the end result is complete dissolution, lysis, of the 
susceptible bacteria, hence the name bacteriophage, which literally means 
bacteria eater. It was hoped that the phages would be of value as thera- 
peutic agents, but clinical tests generally indicated that phage was not 
active in vivo. 

D'Herelle believed that bacteriophages are autonomous, ultramicro- 
scopic parasites which possess the power to invade susceptible cells, 
multiply therein, and in time bring about the lysis of the invaded cell. 
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Other workers have considered them to be chemical agents, possibly 
enzymic in character. As is true for all the viruses, there is no com- 
pletely satisfactory explanation of their nature, an ient difficulty 
being the lack of a comprehensive definition of life and therefore of satis- 
factory criteria for distinguishing between animate and inanimate matter. 
Certain bacteriophages have a diameter (8 to 10 mp) which is within the 
upper limits of molecular size; others with a diameter of 100 to 150 mp 
approach the lower limits of size of agents assumed to be living on the 
basis of our common criteria of life. (The size of various bacteriophages 
has been determined by ultrafiltration and other physicochemical tech- 
niques and from electron micrographs.) 

The electron microscope has proved to be a valuable tool in the study 
of the morphology of bacteriophages. Some have been found to be more 
or less spherical bodies with no indication of internal structure; others are 
somewhat elongated, and a few have been shown to possess definite head- 
and tail-like structures, with possible differentiation within the head (see 
Figs. 7-3 and 7-4). In other words, as is also true forthe viruses as a 
group, the structure of some bacteriophages suggests an organismal rather 
than a molecular type of configuration. 

If a small amount of feces-containing material or of Bipot: -up insects 
is dispersed in broth and passed through a bacteria-retaining filter, the 
filtrate will frequently be found to contain one or more bacteriophages. 





Fic. 7-3. Electron micrograph of Pseudomonas aeruginosa and ot a bacteriophage 
; } 


against it. (Courtesy of BE. W. Schultz.) 
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Fic. 7-4. Electron micrograph of the T2 anticoli bacteriophage (46,000 ) showing the 
tadpole-like structure. (Courtesy of C. E. Schwerdt and the Virus Laboratory, Um- 
versity of California.) 


Assume that we are interested in isolating a bacteriophage active against 
Escherichia coli. The next procedure would be to add a drop or two of 
the filtrate to a freshly inoculated broth culture of EF. coli and to incu- 
bate this mixture and one control tube of broth inoculated with the same 
number of bacteria and at the same time as the phage test culture. If an 
anti-coli phage were present in the material tested, the control tube would 
be cloudy after six to ten or more hours’ incubation, while the test cul- 
ture would be clear. The same phenomenon should be evident when a 
drop or two of the phage test culture is added to another freshly inocu- 
lated broth culture of #. coli, and so on in series indefinitely. At times, 
clearing may not be entirely complete, as a few individual bacterial cells 
in the culture might be resistant to the action of the phage, but the pres- 
ence of phage can be demonstrated in cell-free filtrates of the phage- 
containing culture. In time the resistant organisms give rise to what is 
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known as a “secondary culture.” Many of the organisms in such sec- 
ondary cultures remain phage-resistant, a condition analogous to but not 
identical with the resistance to infection developed in strains of certain 
species of plants. (A number of technical or biological difficulties are fre- 
quently encountered in work with these bacterial viruses, time and tem- 
perature of incubation, nature of the medium, size of inocula of phage 
and bacteria, and nature of the phage and bacterial species influencing 
the results of a given test. This discussion of bacteriophagy is simplified 
to indicate the results obtained under favorable conditions.) 

The lytic action of bacteriophage can also be demonstrated on a solid 
medium, the surface of which has been inoculated with a suspension of 
the susceptible bactertum and with a small number of bacteriophage par- 
ticles active against the particular bacterium. A control plate, inoculated 
with the same amount of the bacterial suspension alone, will show profuse 
and more or less solid growth after incubation, while here and there in the 
growth on the phage-containing plate there will be clear, glassy, pinhole 
areas known as plaques in which no bacterial growth is evident (see Figs. 
7-5 and 7-6). These plaques can be regarded as colonies of bacteriophage 
which have developed at the expense of the bacteria originally present in 
their neighborhood. Each plaque may contain many millions of bac- 
teriophage particles. Knowing the dilution of the original phage-con- 
taining suspension and the amount of this dilution added to the agar, 
and from a count of the number of plaques which developed on the agar, 
it is a simple arithmetic process to calculate the original concentration 
of the phage. It is a method analogous to the dilution and colony-count 
procedure for the determination of the numbers of bacteria in a sus- 





Fic. 7-6. Secondary growth of Escher- 
ichia coli in plaques of a bacteriophage 
active against the original strain. 


Fic. 7-5. Bacteriophage plaques, clear 
areas in an otherwise continuous growth 
of Escherichia coli. 
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pension (see Chap. 12). The calculation can be illustrated as follows: 
Suppose that 1.0 ml. of a 1:1,000,000 (10~*) dilution of the bacteriophage 
suspension was plated on the surface of the inoculated agar and that 207 
plaques developed. One milliliter of the 10~® dilution, therefore, con- 
tained 207 phage corpuscles, and since there would be 1,000,000 times 
as many in the original suspension, the original number was 207,000,000. 
When somewhat greater numbers of phage particles are present, the 
plaques will run together, and it will be impossible to obtain an accurate 
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Fic. 7-7. Titration of a bacteriophage suspension. Lysis is observed (broth is clear) 
in dilutions through 10-6 but not in 10—7, thus indicating a concentration of around 
1,000,000 phage particles per milliliter of the phage suspension added to the first tube. 
The tube on the right serves as a control to indicate extent of growth in the absence 
of phage. 


count. When still greater amounts of phage are added to the plates, no 
individual plaques will be evident, just as no separate colonies of bacteria 
are observed when too large inocula are employed. 

At times isolated bacterial colonies show irregularities in their margins, 
the colonies appearing as though they had been “nibbled” by some agent. 
These nibbled or moth-eaten colonies are generally due to the lysis of 
phage-susceptible bacteria developing in a phage-containing colony of a 
bacterial strain at least partially resistant to the lytic action of the par- 
ticular bacteriophage. Genetic factors appear to control the develop- 
ment of phage-resistant or phage-susceptible strains of bacteria. Phage- 
resistant colonies of bacteria frequently develop within plaques or larger 
areas where lysis had been evident (see Fig. 7-6), and the cells tend to 
remain resistant. Species of bacteriophage may likewise undergo varia- 
tion or change, which is transmissible in a manner apparently analogous 
to the transmission of hereditary characters in material known to be 
living (see section on bacterial variation, Chap. 14). 


THE VIRUSES i BSS5) 


In addition to the lytic type of bacterium-phage relationship, many 
strains of bacteria carry phage from generation to generation without 
noticeable lysis. Generally a few of the cells undergo lysis, the presence 
of the phage so released being recognizable by ordinary lytic tests if 
another strain of bacteria susceptible to the phage is available. Phage- 
bearing cultures of this nature are known as lysogenic cultures, while 
phages that have established a lysogenic relationship with a bacterial 
host are called temperate phages, in contrast to the virulent phages 
winch induce lysis. The lysogenic relationship is an example of skillful 
parasitism, the virus being maintained indefinitely with little or no 
damage to the host. A somewhat similar relationship may be noted 
in man, the virus of herpes simplex being present in the body possibly 
throughout life. However, it becomes evident only at times, e.g., fol- 
lowing trauma or fever, when the virus is activated and produces damage 
indicated by the development of fever blisters. 

If one inoculates a suitable medium with a definite number of phage 
particles and of bacteria, it is possible to follow the increase or decrease 
with time in numbers of phage particles and of bacteria. It will be 
observed that the numbers of bacteria increase with time more or less 
parallel to the increase observed in a phage-free culture. After some 
time, depending upon the initial numbers of phage and bacteria, the 
numbers of bacteria in the phage-containing culture will no longer in- 
crease parallel to the control culture and shortly thereafter will rapidly 
decrease and approach zero as lysis occurs. The increase in concentra- 
tion of phage is generally more rapid than that of bacteria, since each 
bacterium infected with a phage may give rise to more than one hundred 
phage corpuscles on lysis. Only one phage particle need enter a bac- 
terium to be effective in establishing an infection. Phage particles lib- 
erated on lysis of the cell may infect phage-free bacteria, and the process 
will continue until all have been infected and lysed. 

Quantitative studies on the relationship between bacteria and _ their 
viruses, studies on the chemical composition of the bacterial viruses, 
determination of alterations in the metabolism of bacteria induced by 
phage, and electron microscope observations have led to a fairly clear 
picture of bacteriophagy. Most studies have been carried out with a 
series of seven phages (T,, T2... Tz) active against a common host, 
Escherichia coli, strain B. Some differences are noted, but the general 
behavior can be summarized as follows: These phages are sperm-like in 
appearance and when added to a young culture of their host, a phage 
particle (particles) is (are) adsorbed by a bacterial cell, the tail-like 
portion of the phage uniting with the bacterium. The phage particle is 
composed ofa core of deoxyribonucleic acid surrounded by a protein coat. 
Following adsorption of the phage, the deoxyribonucleic acid penetrates 
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into the cell, the protein coat remaining behind and playing no further 
role in the events that follow adsorption and the subsequent taking up 
of the nucleic acid by the cell. There is some evidence that the phage 
deoxyribonucleic acid may fragment in the cell and more evidence that 
it does come into contact with nuclear material of the host. Marked 
changes in the nuclear apparatus of E. coli can be noted shortly after 
infection of the cell has occurred. Bacterial growth is suppressed and the 
synthetic machinery (enzymes) of the cell is shunted from the produc- 
tion of bacterial substance to the synthesis. of phage protein and nucleic 
acid. The phage deoxyribonucleic acid in some manner becomes the di- 
rective force for the activities of the cell. Phage nucleic acid and protein 
are synthesized separately and only combine to form complete particles 
of phage late in the course of events. The particles do not multiply as 
such, in contrast to the multiplication of bacteria themselves. With the 
aid of tracer elements it has been established that the many “descendants” 
of the original phage particle contain little material derived from the in- 
fecting particle and, for the most part, are formed from material in the 
cell at the time of infection and also from constituents of the medium. 
Little is known of the release phase of bacteriophagy—that period of time 
during which the majority of the phage particles are organized in their 
final form and released by lysis of the cell. It is apparent that a phage, 
or rather phage material, so alters the metabolism of a sensitive host that 
activities of the cell are shunted from the formation of bacterial substance 
to the synthesis of bacterial virus components. Phages induce, and are 
products of, altered metabolism of the phage-infected cell: This might 
be true for the viruses in general and, if so, indicates a marked difference 
between bacterial and viral infections. Bacteria use tissue or cellular 
constituents as food, converting them into bacterial matter, while viral 
nucleic acid alters the metabolism of the host cells in such a manner that 
the infected cells produce viral substance. 

Tobacco Mosaic Virus. We have seen that this virus was the first one 
to be detected and the first one to be crystallized. This virus enters the 
tobacco or other susceptible plants through broken hairs or wounds on 
the leaves. During the development of the infection, the leaves curl and 
exhibit an irregular mosaic pattern of different shades of green. The 
virus does not kill the plant but it inhibits growth, reducing the yield and 
quality of the crop. Relatively little is known concerning the actual 
mode of increase in concentration of the virus. The virus can be demon- 
strated in all parts of the infected plant. From the diseased plant 
material can be separated that contains only protein and ribonucleic acid 
characteristic of the virus. Physical and chemical studies indicate that 
this virus material exists as rod-shaped particles made up of a more or 
less hollow core surrounded by a protein coat in which the ribonucleic 
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acid appears to be embedded in helical strands along the long axis of the 
particle. It has been reported that the nucleic acid is infectious by itself. 
In this respect it resembles the infection established by phage deoxyribo- 
nucleic acid injected into the bacterium from the phage particle. This 
raises the question of why a ribonucleic acid appears to be the directing 
agent of some viruses and deoxyribonucleic acid of others. No entirely 
satisfactory answer has been advanced. A considerable number of viruses 
infectious for plants are known. 

Human Viruses. We have seen that the nutritional requirements of 
viruses are such that they can be supplied only by specific living cells 
and that these cells also provide most or all of the enzymes required for 
the synthesis of viral material. Viruses do not respire as do bacteria, 
and in general are inert particles except when present within susceptible 
cells. In the early years of bacteriology the use of susceptible animals 
was mandatory for the study of the human and other animal viruses. 
Today many of the viruses have been cultivated in tissue cultures and 
in the developing hen’s egg, thus making study of these viruses somewhat 
easier. Viruses are cultivated to a considerable extent today in fertile 
eggs, the virus inducing the death of the embryo in the case of encepha- 
litis, the production of plaques or pocks on the chorioallantoic membrane 
(see Fig. 7-8), the development of hemagglutinins (influenza), and the 
production of infective virus in most instances where the fertile egg is ¢ 
satisfactory medium. ‘Tissue cultures of monkey kidney tissue are em- 





ic. 7-8. Plaques or pocks (light areas) induced by the growth of vaccinia virus on the 


> ok > “ur Ive . . 82 ) 
-horioallantoic membrane of the developing chick embryo. (Preparation courtesy of 


D. F. Rowan.) 
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tion of poliomyelitis virus on the large scale neces- 


ployed for the produc a 
an apparently successful vaccine (see Figs. 


sitated by the development of 
7-9 and 7-10). . " 

The virus of poliomyelitis has been obtained in a highly purified form 
and consists of spherical particles of protein plus ribonucleic acid. Three 
antigenic types (I, II, and III) rave been recognized, and successful 





Fig. 7-9. Poliomyelitis virus cultivated in tissue culture. The fluid is removed from 
these culture bottles and becomes the virus pool to be inactivated for use in the vac- 
cine. (Courtesy of Eli Lilly and Co.) 


Fic. 7-10. Roller tube cultures shown here are used for determinations of the concen- 
tration of poliomyelitis virus in cultures such as shown in Fig. 7-9. All cultures are 
maintained in incubator rooms in which temperature and humidity are carefully 


controlled. (Courtesy of El: Lilly and Co.) 


immunization requires the use of all three types in a vaccine. Early 
ultrafiltration and ultracentrifugation studies indicated that the particles 
were 8-12 my in diameter, but electron micrographs (see Fig. 7-11) show 
that the MEF 1-strain virus particles are 27-31 my in diameter. 

Most work has been carried out with the virus of influenza of which 
three major antigenic types, A, B, and C, are known. The A type in 
particular is quite variable. Burnet (1956) concludes that the influenza 
virus particle is not so rigidly organized as are the bacterial viruses and 
the smaller viruses such as those of tobacco mosaic and poliomyelitis. 
The virus particles are spherical and have a diameter of approximately 
100 mp, but the virus apparently can also exist in the form of filaments. 
Purified virus is composed of 20-30 per cent lipid, 5 per cent carbo- 
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Fic. 7-11. Electron micrograph of a purified suspension of poliomyelitis virus. The 
particles are 27 mu in diameter and are shown here magnified 75,000 times. (Courtesy 
of C. BE. Schwerdt and the Society for Experimental Biology and Medicine.) 


hydrate, 60-70 per cent protein, and around 1 per cent ribonucleic acid. 
There is some evidence that the particle contains host cell material as 
well as material characteristic of the virus itself. Burnet believes that 
the virus is a loosely organized unit in which a surface membrane, derived 
largely from the host cell but containing viral material as well, encloses 
a variable number of genetic determinants of the ribonucleic acid type 
together with some material from the host cytoplasm. 

It has been established that when influenza virus is inoculated into 
the allantoic cavity of the chick embryo, the infective particles attach 
themselves to the free surface of susceptible cells. This union is mediated 
by attachment of an enzyme-like component of the virus to prosthetic 
groups of mucoprotein on the cell surface. (Similar mucoproteins are 
present on the surface of red blood cells, and some viruses in suspension 
can be recognized by the fact that the virus unites with these cells and 
causes them to clump together—the phenomenon of hemagglutination). 
After adsorption the virus particle enters the susceptible cell and loses 
its identity as an infective particle. About three hours after infection, 
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virus can be detected in the cell, and in about another hour infective 
virus is liberated from the cell. The virus in some manner appears to 
take over partially or completely the protein- and ribonucleic acid-syn- 
thetic systems in the cell which lead to the synthesis of viral material. 
Replication of the virus particles may take place at the cell surface. In 
many respects the formation of influenza virus resembles the formation 
of bacterial viruses in bacteria. Whether this is a general type of mecha- 
nism by which other viruses are formed in susceptible cells remains to be 
determined. Some of the more common viruses and viral diseases will be 
considered in the chapters on infections of man, animals, and plants. 

Recapitulation. In the last two chapters we have considered in a 
general and somewhat simplified manner the main characteristics of 
various, primarily parasitic, agents on the border line between animate 
and inanimate matter. The pleuropneumonia group was characterized 
as a variety of organisms approaching the lower limits of visibility in 
the microscope, the majority of the species being parasitic in character 
and differing from the bacteria in their manner of multiplication, their 
poor staining qualities, their need for relatively high concentrations of 
serum for growth, and their lack of a rigid cell wall with consequent 
ability to “flow through” the pores of a bacteria-retaining filter. 

The rickettsiae in many respects closely resemble the smaller bacteria 
with the exception of their staining characteristics and, above all, their 
entire dependence upon certain, quite specific, living cells as a suitable 
pabulum for multiplication. The pleuropneumonia group and the rickett- 
siae may be looked upon as transition groups between the bacteria proper 
and the viruses, parasitic agents of submicroscope size. Most of the 
agents in these three groups are entirely dependent upon living cells for 
multiplication, although they can remain active for long periods of time 
away from their host if stored under proper conditions. It is known that 
viruses possess the ability to increase in amount and €6 undergo variation 
under appropriate conditions and that they are particulate. But it has 
not been definitely established that they respire or that they respond to 
external stimuli in a manner analogous to living cells. In other words 
they exhibit some, but not all, of the characteristics of living matter as 
exhibited by cells such as the bacteria and protozoa. Some of the larger 
viruses appear to approach the pleuropneumonia group or the rickettsiae 
in their complexity, others to resemble complex proteins more closely. 
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represent primitive or at least unknown forms of life; and (3) the larger 
viruses may be the midgets of the known microbial world. 
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CHAPTER 8 


ENERGETICS, METABOLISM, AND NUTRITION 


Bacteria, like other living cells, may be considered to have three general 
attributes of life: 


1. The conservation of a distinctive, particulate form 
2. The ability to use energy 
3. The power of adaption 


We have considered that the individual species of bacteria possess and 
maintain a distinctive, particulate form characteristic of the species, but 
this does not mean that the cells of a given species cannot change in size 
or shape. Indeed, variation in morphology is frequently observed, par- 
ticularly with age of the culture or with change in the nature of the en- 
vironment. The cells tend to maintain a distinct, particulate form under 
a given set of conditions, but as conditions change, the cells adapt them- 
selves to that change either morphologically and/or by their ability to 
use different sources of energy and of building material. This power of 
adaption is limited by inherent characters of the cells. 

At this time we want to consider the second characteristic of living 
matter, the ability to use energy. The development of the concept of 
energy and of its utilization by the cell requires some abstract reasoning, 
and the discussion to follow is presented to arouse thought concerning the 
energetics of microbial growth and activities and not as material to be 
memorized by the student. It has been well said that the struggle for 
existence is a struggle for energy. The degradation of matter by micro- 
organisms, or by cells in general, is an indication of their constant need 
for energy to maintain life. Fermentations, so characteristic of bacterial 
life, and oxidations in general are simply chemical mechanisms for releas- 
ing energy from matter and making some of it available to the cell. 
Many of the energy-providing reactions are carried out in the cellular 
protoplasm, protoplasm being regarded as a complex colloidal system, 
composed of various organic and inorganic substances, which provides 
suitable conditions and mechanisms for the complicated chemical reac- 
tions essential for maintenance of the cell. All the chemical reactions 


involved in the life of the cell whereby food is transformed into cellular 
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material or utilized as a source of energy for the performance of chemical, 
mechanical, electrical, and other work are grouped under the general term 
metabolism. These reactions are spoken of collectively as the metabolic 
activities of the cell. Metabolism thus may be defined as the sum of all 
chemical changes, both assimilatory and dissimilatory, induced by an 
organism. The term nutrition is also frequently employed more or less 
synonymously with metabolism, although with microorganisms the term 
nutrition refers primarily to the food requirements of the organism. 
. The term food, as it will be employed here in its widest sense, implies all 
substances which, when taken into an organism, serve as sources of energy 
or of building material. 

The metabolic activities of living matter are controlled to a great extent 
by enzymes. Enzymes can be defined as proteinaceous agents produced 
by the cell which act as catalysts of specific reactions. Each species of 
bacteria possesses somewhat different batteries of enzymes or different 
relative amounts of particular enzymes, and indirectly the finer details 
of bacterial classification on the basis of biochemical activities, such as 
fermentations of sugars, reduction of nitrate, production of hydrogen 
sulfide, ete., are based on the enzymic constitution of the species. This 
is illustrated in Table 8-1, in which typical biochemical activities of a 
number of bacterial species are listed. 

The metabolic, enzymatically controlled activities of the cell are fre- 
quently subdivided into two divisions—those involved in the provision 
of energy and those involved in the synthesis or building up of cellular 
substance. The synthetic processes, frequently spoken of as anabolic 
activities, are collectively known as assimilation, while those reactions 
involved in the breaking down of matter are known as catabolic activities, 
or dissimilation. The dissimilatory reactions can be further subdivided 
into reactions which yield building material for cellular syntheses and 
reactions which yield energy for the organism, but this division is hardly 
worth while since the same foodstuff may serve both as a source of energy 
and of building material. Present-day concepts in biochemistry suggest 
that the processes of assimilation and dissimilation are not as distinct 
from each other as was formerly believed. 

The formation and maintenance of the bacterial cell require the provi- 
sion of a considerable amount of energy. The chemical reactions which 
yield energy for the cell are collectively known as respiration in the broad- 
est, sense of the term. No living cell is absolutely still but is undergoing 
change in one manner or another. The organism may alter its position 
relative to its environment; it may alter its parts; it may grow; or it may 
undergo change in constituent molecular structures. This perpetual 
change of state of the organism requires the expenditure of energy, which 
must come from some source outside the organism if life is to be main- 
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* 
TABLE 8-1. IDENTIFICATION Tests FoR SOME COMMON BACTERIA 
(An illustration of their enzymic content) 
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Fermentation 






Growth Production 










=I -_= 
3 g\3 
= 21:5 |3 
iT] a = m ~ 
Organism S ee} S| & = 
=| 7 g als 
° o|S|o 
215 a|s 2 | £ 
pe: — n 
S| ee | eeu Dues Slolao|s 21 o 
2 oe o a — ~ ota im i — 
eo | 8) Se. | See) oe he re 
5 S| 4S} — B > = CS CS — = 
2\/2aiSia sia lali<is = RS 
Micrococcus pyogenes t 
VALS GUPCUS 02 sols ars rata +/+) +})+])]—]+i+ 
VAT AUOUSS ee +/+)/+]}]/—]}—-|+)+ 
Streptococcus pyogenes... .. +)/+)-—-]-|- _ - 
Diplococcus pneumoniae....| + | +}| — | — | — — 





Escherichia coli........... he te es ist | 
Aerobacter aerogenes....... +/+)—- +/+/+/]4+)]- 
Proteus vulgaris. ......... +)/+)}+ se} +) + 
Proteus mirabilis......... +}/+|+ —j|+/+ 

= ot (os ae vo sa Bs Gal Neg 


Salmonella typhosa........ 


Acetobacter aceti 


Bacillus subtalas o. . 306. 6 a: 
Clostridium butyricum 
Clostridium tetani 


* + may or may not be produced or fermented; A represents acid without gas, 
AG with gas. 


+ Staphylococcus aureus and albus. 


tained over a long period of time. Considered from a physicochemical 
point of view, the living cell is a peculiarly constructed energy trans- 
former, through which a continual flux of energy passes, and the entire 
life of a cell may be looked upon as an expression of alterations or varia- 
tions in the rate of flow of energy. No artificial system has yet been 
devised of so complicated a nature as a cell or possessed of such a degree 
of internal coordination and ability to adapt itself to change. Energy is 
the underlying cause of all changes in matter, whether animate or inani- 
mate, and therefore we must consider the source of energy required by 
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the organism, see how it is made available, and how it operates in living 
matter. 

The Concept of Energy. At this time it is worth while to attempt to 
summarize the general concept of energy and of the energetics of chemical 
reactions before considering the actual reactions involved in the respira- 
tion of bacteria. Certain physicochemical concepts, simplified as much 
as possible, will be introduced to serve as reference material for the dis- 
cussions on bacterial respiration and growth which will follow. Too 
frequently, basic considerations of energetics are neglected in discussions 
of microbic growth and behavior. 

Energy may be defined as the ability of a system to perform work. It 
is common knowledge that accomplishment of a task requires the ex- 
penditure of energy. The production of light in a lamp bulb requires the 
expenditure of electrical energy obtained from generators, which in their 
turn obtained energy for motion from a steam turbine or from a turbine 
spun by a waterfall, ete. Energy can be converted from one form to 
another, but in that conversion a portion of the energy is frequently lost 
as far as doing useful work is concerned. The actual amount of energy 
converted into work when a definite quantity of energy is available is an 
indication of the efficiency of the process. Bacteria in general have low 
conversion efficiencies, only a small. (about 10) per cent of the energy 
stored in a chemical compound actually being employed by the cell for 
its various activities, the remainder being dissipated as heat. 

The cause of all action or change is a result of the tendency for energy 
to seek a uniform level. Experience has shown that energy does not pass 
from one system to another at a higher level; e.g., a child soon learns that 
heat always flows from the hot stove to his fingers rather than in the 
opposite direction. Because of this tendency of energy to seek a lower 
level, a molecule of glucose is a good source of energy for the cell, the 
energy holding the atoms together in the glucose molecule being readily 
released by cellular enzymes with the production of other molecules of 
lower energy content. The products of respiration, having a lower free- 
energy content, are more stable than the material respired, and some of 
the difference in energy content between the reactants and the products 
of respiration can be used by the cell in doing work. The cell carries out 
the reverse reaction, synthesis, only when energy is available, and that 
energy must come from energy stored in other molecules (or from light 
in the photosynthetic organisms). 

A living cell must perform work of various sorts, and energy must be 
provided for the performance of this work. All life processes demand for 
their continuation and maintenance a continuous supply of matter and 
of energy. As far as matter is concerned, there is only a definite amount 
of carbon, oxygen, nitrogen, and other substances available to the various 
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organisms on the earth. Plants and the photosynthetic bacteria feed on 
terrestrial matter, but energy is supplied to them in the form of light from 
a source outside the earth. Organic matter synthesized by these forms 
can serve as a source of building material and energy for other forms of 
life. These organisms in turn serve as food for still others, but eventually 
this organic matter is broken down into carbon dioxide and water, which 
can again enter the cycle of events illustrated in the carbon cycle in Fig. 
8-1. The fact that plants are able to transform radiant energy into chem- 
ical energy was one of the great discoveries in the biological sciences, thus 
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making apparent that the greatest difference between the green plants 
and the rest of the living world is that the former can obtain the energy 
necessary for growth and maintenance from light, rather than from 
matter. On the other hand the nonphotosynthetic cells, or photosyn- 
thetic cells in the dark, can transform some of the energy stored up in the 
chemical bonds of their foodstuffs into the bonds and structures present 
in those substances entering into the chemical composition of the cell. 
This appears to be accomplished to a considerable extent with the aid of 
high-energy phosphate bonds, which will be discussed in the following 
chapter. 

Carbon dioxide and water have relatively low energy contents. When 
these substances react in the green plant, under the influence of light 
energy, their bonds are altered and new bonds are produced which hold 
the atoms together in a different arrangement, e.g., that of the glucose 
molecule. Light energy has been converted into chemical-bond energy, 
and these bonds have a high intensity factor as compared with the origi- 
nal bonds in carbon dioxide and water. No change has taken place in 
the number of carbon and hydrogen atoms in the glucose molecule ‘as 
compared with the number in the originally reacting carbon dioxide and 
water molecules, and in fact some oxygen has been lost in the photosyn- 
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thetic process. (Carbon dioxide, water, and light together would not serve 
as a source of energy and building material for a typical heterotrophic 
bacterium, but the product of photosynthesis, carbohydrate, together 
with appropriate salts and water will serve both purposes. The original 
energy of light stored as chemical energy in the bonds of the glucose 
molecule is released on oxidation of the glucose, 1.e., on the reversal of 
the synthesis of glucose. Energy so released may undergo conversions 
within the cell, being utilized in the synthesis of cellular matter, in move- 
ment of the cell or of its parts, in the maintenance of the thermodynami- 
cally unstable state characteristic of a living cell, and a large portion of 
the energy is generally wasted in the form of heat. Carbon dioxide and 
water molecules are reformed, and in the process the original energy of 
light trapped in photosynthesis has been converted into a variety of 
forms—chemical, mechanical, electrical, and heat. Heat energy itself is 
not used to any extent by the cell, the energy of chemical bonds being 
converted into that of other bonds or to other forms of energy, heat, like 
carbon dioxide and water, being a waste product of cellular respiration. 
We have been stressing that the cell is a converter of energy and at the 
same time of chemical compounds. The series of conversions might be 
considered as analogous to those taking place in the generation and use 
of electrical power. Electricity can be generated by chemical or me- 
chanical means and can be used for a variety of purposes. It can be 
generated from the kinetic energy of a waterfall; it can be transmitted, 
stored in storage batteries in the form of chemical-bond energy, and 
released again when needed, some energy being lost as heat in all the 
processes involved in the various changes in state of energy. The elec- 
trical energy can be employed for the operation of machines used for the 
production of materials of various sorts, and in all these changes and 
utilizations we find analogies to events occurring in living matter. No 
man-devised system, however, is capable of carrying out in one simple 
unit the multitudinous activities of the living cell. 
_Metabolism. The metabolism of bacteria, as well as that of all other 
forms of life, is concerned with the provision and utilization of energy 
and of building material. Processes of energy provision and of synthesis 
are, for the most part, similar or identical in all heterotrophic forms of 
life and, with the exception of the photosynthetic process, in the auto- 
trophic forms as well. Likewise, cellular constituents are very similar in 
all forms of life with but few exceptions. Even a superficial survey of 
the field of biochemistry is apt to fill one with astonishment at the com- 
plexity of the chemical constituents of living organisms. This diversity 
of end products is negligible when one considers the innumerable chemical 
reactions that are involved in the formation of these products and the 
fact that directly or indirectly all of them have been derived from carbon 
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dioxide, water, and inorganic salts. Furthermore, the compounds have 
to be arranged to form the structural and functional units that com- 
prise a cell. These physiological complexities of life are but suggested 
in Fig. 8-2. 

In so far as the biochemical achievements of the higher animals are 
concerned, it is possible that metabolism consists to a considerable extent 
of a rearrangement of the component units of the food, since the necessity 
for a complex food for this class of organisms is a well-established fact. 
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Fic, 8-2. An indication of the complex chemical activities involved in the life of a 
yeast cell. 


But this is not true when we consider the metabolism of the saprophytic 
microorganisms, for it has been known since the time of Pasteur that a 
single organic compound, e.g., tartaric acid, in a saline solution may suf- 
fice to support growth of these organisms. Also, the organic compound 
serving as a source of carbon for synthesis and as a source of energy may 
be replaced by one of a hundred or more different organic compounds; 
yet the chemical complexity of the bacterial cells so formed may be no 
less than that of the cells of higher organisms. Still we speak of them as 
simple organisms! Ascending the seale of bacterial evolution, we find 
that the food requirements may approach in complexity the requirements 
of the higher forms of life. Therefore an understanding of the metabolic 
activities of bacteria is of extreme value in elucidating similar activities 
carried out by higher forms of life. Furthermore, the study of the 
metabolism of bacteria offers two advantages over that of the higher 
organisms in that (1) it is possible to define clearly the initial and final 
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states of the system which undergoes chemical conversion and (2) the 
bacteria are rather uniform catalytic agents. 

If an attempt is made to survey the mass of observations concerning 
the chemical changes to which the food is subjected under the influence 
of bacteria, it is found that complex polymers are hydrolyzed into their 
molecular constituents, e.g., starch to sugar. While these hydrolytic 
processes are remarkable, many of them can be reproduced in vitro with 
the aid of inorganic catalysts. Since hydrolysis is involved only in 
breaking bonds between carbon and oxygen or nitrogen atoms in the 
molecule and provides little or no energy for cellular activities, energy 
must be obtained from other reactions in which the carbon skeleton is 
greatly modified and bonds between carbon atoms are broken or formed. 

A closer consideration of metabolism shows that the bulk of the com- 
ponents of foodstuff are never integrally converted into cellular constitu- 
ents. On the contrary, a large portion of the food leaves the cell again 
after having undergone marked chemical change. This latter phase of 
metabolism, catabolism, from which most of the energy available to the 
cell arises, lends itself more readily to study than do the anabolic activi- 
ties of the cell. Dissimilation consists primarily of enzymatically cata- 
lyzed oxidations of the substrate, and it is therefore of importance to 
obtain a clearer insight into the mechanism of the catalytic reactions 
involved in the utilization of foodstuffs by bacteria, and incidentally by 
other forms of life. 

Biological Oxidations. The great majority of bacteria are chemosyn- 
thetic. The energy they require for synthetic purposes is obtained by 
oxidation reactions from the energy stored up in chemical compounds. 
Except in the case of the autotrophic forms, the oxidizable, energy-pro- 
viding foodstuffs are organic compounds. The catabolic activities make 
possible a continuous, regulated supply of energy to the cell. These ac- 
tivities are grouped under the term respiration, which in its broadest 
sense can be considered as the sum total of the chemical reactions from 
which energy is made available to the cell. . 

Originally, biological oxidations were assumed to be the oxidation of 
organic matter by molecular oxygen, carbon dioxide and water being 
recognized as end products of oxidation. Studies on the chemistry 
of oxidation reactions suggested that in the oxidation of ferrous 
oxide to ferric oxide, while it is true that there is an uptake of oxygen 
(2FeO + 0.502 > Fe.03), the fundamental change is one of valence 
(Fe++ — Fet+ ++), since conversions such as ferrous to ferric chloride 
involve the same change as far as the iron atom is concerned. Oxidation 
in its broadest sense is now defined as the loss of one or more electrons. 
An equivalent amount of reduction must accompany any oxidation 
process, and reduction is defined as the gain of one or more electrons. 
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With bacteria oxidizing hydrogen or carbon monoxide as their source 
of energy, we can write 


H, + 0.502 — H20 + utilized and waste energy 


and : 
CO + 0.502 — CO, + utilized and waste energy 


These reactions indicate an uptake of gaseous oxygen by the substances 
being oxidized, oxygen being reduced as a result of the reactions. In most 
aerobic biological oxidations, oxygen from the air is not added to the 
substance undergoing combustion but instead hydrogen and electrons are 
withdrawn from the substrate and combine with the oxygen taken up by 
the cells. The over-all reaction for the oxidation of glucose can be ex- 
pressed as ; 


CgH120g + 602 > 6CO, + 6H2O + utilized and waste energy 


The three oxidations depicted above proceed with the liberation of chem- 
ical-bond energy, a portion of which may be used by the cells, the re- 
mainder dissipated as heat. Bacteria and other microorganisms which 
erow in the presence of air and which consume oxygen are spoken of as 
aerobes, or aerobic organisms. Other species, anaerobes, can grow in the 
absence of oxygen and use substances other than oxygen as the oxidizing 
agent. . 

Bacterial or other cells, including those of our body, cannot tolerate or 
utilize the heat given off when a substance is oxidized by direct combus- 
tion. Instead they utilize mechanisms by means of which the foodstuff 
is broken down in a series of reactions during which a portion of the 
energy of oxidation is retained in new chemical bonds, the excess being 
wasted in the form of heat energy. Energy is trapped primarily from 
oxidations and in the form of so-called high-energy phosphate bonds 
which can be transferred from the material undergoing oxidation to 
adenosine diphosphate (ADP) with the formation of adenosine triphos- 
phate (ATP, see Fig. 8-3). ATP is the cell’s storehouse of energy and, 
by taking part in coupled reactions, it can transfer energy to other mole- 
cules, thus making them more reactive. ADP is formed in the exchange, 
and thus the ATP-ADP system acts in a cyclic manner, analogous to a 
storage battery which can be alternately charged and discharged. By 
taking part in a wide variety of reactions, ATP is able to transfer energy 
from energy-providing (exergonic) reactions to energy-requiring (en- 
dergonic) ones, thereby enabling the cells to synthesize cellular substance 
and to carry out their various functions. 

The formation and transfer of high-energy or energy-rich phosphate 
bonds can be illustrated if we consider the simple case of the oxidation 


ENERGETICS, METABOLISM, AND NUTRITION Wg 


l, | | | ? 
HC Cc —N 
| T Se Ribose | | 
Se eer a. | | 
Wo. SIN | | | 
| ie) | l 
OH OH H O14 O ) 
aes, i ny u | i 
Se ee tree eae a een a O—P—OH 
| | | | | | | 
Adenine : H H H H H OH | OH | OH 
> Eee eee ee =} | | 
Adenylic acid (AA) | 
Ba eS ee 2 ep ee ey eee =) 
Adenosine diphosphate (ADP) | 
ee ee ee eee ce eee oft 


Adenosine triphosphate (ATP) 


Fic. 8-3. The adenosine triphosphate coenzyme of phosphorylation. 


of acetaldehyde to acetic acid. If this reaction took place in the test tube 
we would find that water is added to the aldehyde molecule, which is 
then oxidized by loss of hydrogen (to oxygen), or 


OH O 


+H,0 cs —2H 


Vl 
CH;—C=0 ——> CH3;—C — CH3C + 14,000 calories 


| 
H H OH OH 


In the cell, however, an enzyme catalyzes the addition of phosphate rather 


than of water to the acetaldehyde: 
OH 


H H OPO;3He 


and on oxidation by loss of hydrogen, acetyl phosphate is formed: 
OH O 
cH,” eas cH,” + 2,000 calories 
H OPO3H2 O~PO3H2 


the high-energy bond being represented by the wavy line ~. Hydrolysis 
of the acetyl phosphate to give acetic acid and phosphate would yield 
around 12,000 calories, thus indicating that this amount of energy is 
associated with the high-energy phosphate bond. Or, if acetyl phos- 
phate reacted with ADP to form acetic acid and ATP, about the same 
amount of energy would be released, as indicated in the above equation, 
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while that associated with the energy-rich bond would be retained in the 
ATP molecule. In this manner energy is trapped and stored in the cell. 
Energy-rich compounds can also be used directly for synthetic purposes, 
e.g., acetyl phosphate can react with a substance such as oxalacetic acid 
to form citric acid and phosphate, the energy required for this synthesis 
coming from that associated with the high-energy phosphate bond. The 
peculiar nature of this bond provides a connecting link between anabolic 
and catabolic activities in the cell and is involved in both aerobic and 
anaerobic life. oa 

Anaerobic Life. In 1861 Pasteur reported that there are bacteria 
capable of growing, and hence respiring, in the complete absence of air 
(oxygen). At that time it was believed that air was essential for life, 
but with the discovery of “life without air,” Pasteur became interested 
in the mechanism by which these organisms obtained the energy to main- 
tain their life processes. He proved that yeasts convert glucose to carbon 
dioxide and ethyl alcohol, while certain species of bacteria convert this 
sugar to lactic acid or to butyric acid. None of these products were of 
any apparent benefit to the microbes, and in fact their accumulation led 
to the inhibition or death of the cells. The term fermentation (“to 
boil”) was originally employed to denote the reaction by which alcohol 
and carbon dioxide are formed from sugar but was broadened by Pasteur 
to include the various decompositions of sugar brought about by micro- 
organisms in the absence of air. While the term fermentation is generally 
limited to the decomposition of carbohydrates, it may also be applied to 
the breakdown of proteinaceous material, the mechanism of the reactions 
being essentially similar. Ordinarily the decomposition of protein in the 
absence of air is spoken of as putrefaction. (The term decay is used to 
represent the decomposition of organic matter in general, particularly 
under aerobic conditions.) What part does fermentation play in the life 
processes of the strict anaerobes or in those cells, the facultative anaerobes, 
which can live either in the presence or the absence of oxygen? 

In time it became apparent that the formation of ethyl alcohol and 
carbon dioxide, of lactic or butyric acids, or of other products of fermenta- 
tion involved oxidation-reduction reactions in which molecular oxygen 
was not involved. Biological oxidations, aerobic or anaerobic, can in 
many instances be interpreted on the basis of electron exchange but in 
general are more easily considered as transfers of hydrogen. Molecular 
oxygen is commonly reduced by cells growing under aerobic conditions. 
If, however, a cell is able to reduce substances other than oxygen, the 
energy-liberating oxidations may proceed in the complete absence of air. 
Early in the study of anaerobic respiration it was observed that nitrates 
could serve as an oxidizing agent, being reduced to nitrites. The oxygen 
liberated in the nitrate-nitrite conversion was assumed to replace molec- 
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ular oxygen. In other cases, however, the oxidizing agent did not liberate 
oxygen on reduction but instead took up hydrogen, e.g., 


ae ou cos COOH 
is + os SOO re ba, 

| | 
COOH CH COOH CH, 


| | 
COOH COOH 
Lactic Fumaric Pyruvie  Succinic 
acid acid acid acid 


Lactic acid is oxidized in this reaction by loss of hydrogen, which is taken 
up by fumaric acid, the latter being reduced to succinic acid. If the same 
oxidation took place under aerobic conditions, lactic acid would also be 
oxidized to pyruvic acid by loss of hydrogen, the hydrogen being taken 
up by oxygen, which would be reduced to water. We must bear in mind 
that fermentations involve oxidations of foodstuffs Just as much as oxida- 
tions involving the uptake of oxygen, the difference being in the ultimate 
oxidizing agent, oxygen or other matter. 

Compounds which give up hydrogen are known as hydrogen donors, 
while those which receive it are known as hydrogen acceptors. Some dyes 
(e.g., methylene blue) and certain naturally occurring substances (such 
as litmus and nitrates), may accept hydrogen when in the oxidized state 
and thus be reduced; then they in turn may donate this hydrogen to 
another acceptor. Those compounds which can act as reversible oxida- 
tion-reduction systems are known as hydrogen carriers and, when present 
in the cell, work in conjunction with the enzymes to facilitate oxidation 
by transporting the hydrogen from the foodstuff to a suitable hydrogen 
acceptor. They are an example of one group of agents spoken of as co- 
enzymes, as they aid or implement the action of an enzyme. Methylene 
blue can act as an artificial hydrogen carrier in test-tube (in vitro) 
studies. If a suspension of bacteria is allowed to stand in the presence 
of a foodstuff and methylene blue, the dyestuff will become colorless, 
methylene blue being blue in the oxidized state and colorless in the reduced 
state (leuco base). When the tube is agitated, oxygen will penetrate into 
the fluid, and the reduced methylene blue will be reoxidized, hydrogen 
being donated to the molecular oxygen. The methylene blue will then 
be in a state where it can once more accept hydrogen and again be re- 
duced. Thus its earrier action can be visually demonstrated. Biological 
oxidations can generally be considered as transfers of hydrogen, the 
hydrogen from the substrate ultimately uniting with oxygen under aerobic 
conditions, or with some other hydrogen acceptor under anaerobic con- 
ditions. Electrons are also transferred in the oxidation, a fact that is 
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generally inferred but not always expressed in the consideration of bio- 
logical oxidation. These reactions are for the most part intermolecular 
in character, but in some instances intramolecular oxidation-reduction 
reactions may occur. In the latter type of respiration, one portion ol 
the molecule is oxidized while a second portion is reduced. For example, 
methylglyoxal, after taking up a molecule of water, may undergo intra- 


molecular oxidation-reduction with the formation of lactic acid: 
CH;:CO-CHO + H,0 — CH;:CHOH:-COOH 


the central carbon atom being reduced, the terminal or aldehyde carbon 
atom being oxidized. 

To recapitulate, we find three general types of biological oxidations, 
namely, hydrogen from the foodstuff being accepted (1) by oxygen, 
(2) by another molecule—either the foodstuff, decomposition products 
of the foodstuff, or an entirely different molecule (other than oxygen) 
which may be organic or inorganic in character—or (3) by a different 
portion of the same molecule. Oxidation of the foodstuff need not be 
complete, even in the presence of oxygen. For example, some bacteria 
oxidize ethyl alcohol to carbon dioxide and water while others (the 
vinegar bacteria) oxidize it only to acetic acid. Glucose is oxidized to 
completion by many organisms, 1.e., to carbon dioxide and water, while 
other species oxidize it only as far as oxalic or gluconic acid. The extent 
of the oxidation, in the presence of an excess of oxygen, is controlled by 
the enzymic structure of the cells. Partial oxidation and anaerobic life 
are in general more wasteful of foodstuff than complete aerobic life. 
When the foodstuff is oxidized to completion, more energy is available 
to the cell, 686,000 cal. of free energy being liberated per mole of glucose 
completely oxidized, while if fermentation occurs with the production of 
lactic acid, approximately 36,000 cal. is available. For an equal amount 
of growth, approximately 19 times as much glucose would have to be 
consumed under anaerobic as under aerobic conditions, provided that the 
efficiency of assimilation is the same under both anaerobic and aerobic 
conditions. 

Many microorganisms are neither strict aerobes nor strict anaerobes 
but will grow under either condition in a suitable medium. Generally 
growth of these facultative anaerobes is more rapid and occurs to a 
greater extent under aerobic than under anaerobic conditions. A few 
species grow best under semiaerobic conditions, i.e., under a lower oxygen 
tension than when exposed to air, but some oxygen must be provided for 
the cells. These are spoken of as microaerophiles. 

. Nutritional Requirements of Bacteria. A consideration of the sources 
from which bacteria obtain their energy and building materials enables 
us to classify the bacteria on the basis of their nutritional requirements. 


ENERGETICS, METABOLISM, AND NUTRITION 175 


In our survey of microbic life certain important differences were noted in 
the modes of nutrition of the various groups, and amongst the bacteria 
we find equally divergent energy and _ building-material requirements. 
Knight has divided bacteria into four main groups on the basis of their 
general nutritional requirements, a classification which has been consid- 
ered by some to represent nutritional evolutionary stages in the develop- 
ment of bacteria. These four groups, with slight modification, can be 
briefly summarized as follows: 

Group 1. Carbon is assimilated as carbon dioxide and nitrogen from 
inorganic sources, generally ammonia. The energy required for the 
reduction of carbon dioxide to organic matter is derived (1) from the 
oxidation of inorganic matter by the chemosynthetic autotrophs or (2) 
from radiant energy (light) by the photosynthetic autotrophs and the 
photosynthetic heterotrophs. 

Group 2. Carbon is assimilated from organic matter and nitrogen. from 
inorganic sources, generally ammonia. Energy is obtained from the 
oxidation of organic matter. These bacteria might be designated as non- 
exacting chemosynthetic heterotrophs. 

Group 3. Carbon is assimilated from organic matter, but ammonia 
does not -erve as the sole source of nitrogen, specific amino acids fre- 
quently being required. Semiexacting chemosynthetic heterotrophs. 

Group 4. Carbon is assimilated from organic matter while nitrogen 
requirements generally include more than one amino acid. Accessory 
growth-promoting factors—vitamins—are also required. These cells are 
frequently parasitic and can be designated as exacting heterotrophs, or 
facultative parasites. 

To these four groups a fifth group might be added to include the 
rickettsiae and the filtrable viruses. This group could be defined as 
follows: 

Group 5. Carbon and nitrogen assimilated only from and with the 
help of other living and generally highly specific cells. Obligatory hetero- 
trophic parasites. 

It can be seen that there is a progressive increase in the nutritional 
requirements from group 1 through group 4 (or 5), as regards first the 
source of carbon and second and probably most important, the source of 
nitrogen. In the first group there are organisms which can grow in an 
entirely inorganic medium (if carbon dioxide and the salts of carbonic 
acid are considered inorganic substances), some obtaining their energy 
from the oxidation of inorganic matter while others utilize light energy. 
The photosynthetic heterotrophs might be considered as a borderline 
group, but the main function of the organic matter appears to be as a 
source of hydrogen for the photosynthetic assimilation (reduction) of 


carbon dioxide. 
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The second group comprises forms transitional between strict auto- 
trophs and strict heterotrophs. The third group requires more strictly 
heterotrophic conditions, while the fourth and fifth groups, comprised of 
the stricter parasites, are very exacting in their nutritional requirements. 
Also, with increase in nutritional requirements, there is a tendency for 
a progressive increase in parasitism and pathogenicity to occur in the 
groups 3 to 5. 

Such a classification is by no means complete, and there are no sharp 
lines of demarcation between the groups. Furthermore there are organ- 
isms, (e.g., certain of the photosynthetic bacteria, Athiorhodaceae, in 
group 1) which do require specific erowth factors but for all other pur- 
poses fall into a group other than 4. The classification therefore pri- 
marily shows trends rather than absolute characteristics. Also, present- 
day studies in biochemistry indicate that while these organisms differ 
markedly in their general nutritional requirements, many, if not the ma- 
jority, of the assimilatory and dissimilatory reactions involved in other 
than the primary stages of synthesis are similar or identical in the various 
eroups, as well as in other forms of plant and animal life. 

An organism capable of utilizing a purely inorganic diet—salts, carbon 
dioxide (or carbonic acid or its salts), and water—is entirely independent 
of other forms of life for its existence, as long as these substances are 
available in assimilable form. The cell is said to be self-sufficient—auto- 
trophic—in its nutrition. The plants are autotrophic in their mode of 
nutrition, obtaining the energy necessary for the reduction of carbon 
dioxide to organic matter from light and the hydrogen for this reduction 
from water. The net result of photosynthesis in the green plant can be 
represented as 


CO, + H.O + light energy — (CH2O) + O2 


the product of photosynthesis having the empirical composition of a 
carbohydrate. But apparently in the green plant, and in other auto- 
trophic organisms, once the essential units of organic matter for building 
purposes have been synthesized, the internal metabolism of the cell from 
then on is no longer autotrophic. The autotrophic cells do not in general 
appear to be able to utilize organic matter from their environment, but 
they do utilize organic matter that is formed within their cells. 

The green plant reduces carbon dioxide with hydrogen derived from 
the photolytic splitting of water into hydrogen and hydroxy] radicals. 
The hydroxyl! radicals are disposed of as water and oxygen. The photo- 
synthetic autotrophic bacteria do not possess the enzymes required for 
this latter reaction and instead use the oxidizing hydroxy] radical for the 
oxidation of appropriate inorganic compounds, e.g., hydrogen sulfide to 
sulfur or sulfate. It was formerly believed that the hydrogen for the 
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reduction of carbon dioxide came from the inorganic substrate, since the 
over-all reaction can be expressed as 


CO2 + 2H2S + light energy — (CHO) + H,O + 2S 


The more accurate expression would be 


CO2g + 2H20 + 2H2S + light energy — (CHO) + 3H2O + 28 


Note that the photosynthetic bacteria do not produce oxygen as a waste 
product as do the green plants and instead, in the above example, sulfur 
is the waste product of photosynthesis. The photosynthetic heterotrophs 
carry out a similar reduction of carbon dioxide, with the exception that 
the final reducing agent is an organic compound instead of an inorganic 
one. Photosynthesis by heterotrophic bacteria can be represented as 


CO, + 2H2O0 + organic matter + light energy — 
(CH,O) + 3H2O + oxidized organic matter 


The nonphotosynthetic autotrophs also reduce carbon dioxide to as- 
similable organic matter but, lacking the required photosynthetic pig- 
ments, must obtain their energy from the oxidation of inorganic matter 
such as sulfur (or compounds thereof), iron salts, ammonia, nitrites, or 
hydrogen. Apparently the energy available from the oxidation of the 
inorganic matter takes the place of the light energy absorbed by the 
photosynthetic pigments. A typical autotrophic chemosynthetic reduc- 
tion of carbon dioxide may be represented as 


CO, + 4H2S + O2 — (CH20) + 3H20 + 48 + waste energy 


Actually none of these reactions are as simple as written, but they do 
picture the basic assimilatory reaction. These autotrophic organisms are 
highly specific as regards source of energy; e.g., the sulfur-oxidizing 
bacteria are unable to oxidize iron salts, ammonia, or hydrogen as a 
source of energy. 

Organisms on the border line between group 1 and group 2 obtain the 
energy required for the reduction of carbon dioxide from the oxidation of 
carbon compounds such as carbon monoxide or methane. Finally we 
find in group 2 and in the remaining groups, organisms—the hetero- 
trophs—which can take up organic matter from their environment and 
obtain from it by oxidation processes the energy required for the syn- 
thesis of cellular matter, at the same time utilizing a portion of this 
organic matter for building purposes. It should be mentioned that some 
carbon dioxide may be assimilated by all microorganisms or by higher 
forms of life, but it does not constitute the main bulk of the assimilated 
carbon. The bacteria in groups 2 to 4 (and also the yeasts and molds) 
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are saprophytic in their nutrition, absorbing through the cell membrane 
organic matter dissolved in water. In time, certain of these saprophytic 
organisms may have become adapted to life on or in other living matter, 
and thus we find that they developed to a greater or lesser extent the 
property of parasitism. When these parasitic microorganisms produce 
marked damage in their host’s tissues, they are said to be pathogenic and 
are spoken of as pathogens. In the course of adaption to the parasitic 
mode of life, we frequently find that the parasite adapts itself still 
further to its host by becoming highly dependent upon it for the supply 
of one or more essential components of the parasite; i.e., with the devel- 
opment of parasitism there generally appears to be a concurrent decrease 
in the powers of synthesis possessed by the parasitic organism. 

Growth and Respiration in the Test Tube. To illustrate growth- 
respiration relationships under the conditions prevailing in test-tube cul- 
tures, let us consider what occurs when Escherichia coli is inoculated into 
a solution of inorganic salts with glucose as the organic foodstuff. Some 
of the glucose will be assimilated, some will be oxidized to carbon di- 
oxide and water, but as the bacterial population increases, the oxygen 
dissolved in the medium will be consumed. Since the rate of diffusion 
of oxygen from the air into the medium is very slow, aerobic conditions 
will no longer exist in the depths of the medium. The bacteria must then 
obtain energy by means of anaerobic oxidations (fermentations) , and 
products such as lactic, acetic, and succinic acids will be formed from the 
glucose and accumulate in the medium. Growth in the depths of the 
medium will cease when all the glucose has disappeared but may be re- 
initiated to a slight extent as oxygen diffuses into the medium, the organic 
acids then being used as a source of carbon compounds and also being 
oxidized, with the participation of oxygen, to carbon dioxide and water. 
They can be oxidized under aerobic conditions and will support growth, 
since oxygen will accept hydrogen from them, while under anaerobic 
conditions no suitable hydrogen acceptor is available for the oxidation of 
the acids produced from the glucose. If the tube was not disturbed dur- 
ing the course of the experiment, it might be observed that growth oc- 
curred more readily in the upper portion of the medium, since conditions 
there are generally more aerobic than in the butt of the tube. Thus the 
bacteria in an ordinary test-tube culture in a liquid medium are growing 
under all conditions of aerobiosis, the oxygen gradient ranging from 
highly aerobie to practically, if not completely, anaerobic conditions. It 
should be mentioned that aerobic conditions are generally toxie to the 
true anaerobes, no completely satisfactory explanation for this fact being 
known. In many instances the accumulation of hydrogen peroxide may 
be the main inhibitory factor, the anaerobes lacking the enzyme catalase 
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involved in the disposal of hydrogen peroxide as water and oxygen, but 
this explanation is not entirely satisfactory. 

Cultures growing on a solid medium such as nutrient agar generally 
have free access to oxygen at first, but anaerobic conditions can develop 
within the mass of growth, since oxygen may be utilized before it diffuses 
into the bulk of the colony. Also the carbon dioxide liberated in the 
respiratory process tends to prevent the inward diffusion of oxygen. 

Biochemical Activities of Bacteria. The nutritional requirements of 
bacteria, as outlined earlier in the chapter, vary between different species 
and range from inorganic salts through simple organic compounds to the 
more complex ones such as cellulose and proteins, or even the tissues of a 
host. From the diet suitable for the multiplication of a particular species 
of bacteria, a single cell is able to synthesize sufficient cellular matter to 
enable it to reproduce itself in a short period of time, generally a matter 
of minutes under favorable conditions. All these synthetic reactions are 
catalyzed by the enzymes present in and characteristic of the particular 
species. As yet, these anabolic activities of the cell are difficult or im- 
possible to present in simple chemical equations, although considerable 
progress is being made in the study of the synthesis of various cellular 
constituents. Not only does the diet of bacteria vary with the species, 
but also there is wide variation in the types of reactions involved in the 
dissimilatory reactions which provide some of the building material and 
also the energy required for the synthesis of cellular matter and for the 
maintenance of life. 

Very few bacteria always digest their food in the same way as animals 
do, i.e., primarily by complete oxidation of the digestible matter to carbon 
dioxide and water. Most of the strict aerobes and facultative anaerobes 
ean carry out a complete combustion of the carbonaceous matter not 
entering into cell structure, but as a rule, both in nature and in the test 
tube, the supply of oxygen for this purpose is limited by its low solubility 
in water. Rahn! has pointed out that in the manufacture of tuberculin, 
the tubercle bacilli are grown in a medium containing 3 per cent glycerol 
as the oxidizable material for the supply of energy. To oxidize the 
amount of glycerol in a quart of medium, approximately 3 oz. of oxygen 
are required; yet the solubility of oxygen is only about 0.0003 oz. per 
quart of medium. Any interference with the free diffusion of oxygen into 
the medium could retard the growth of the tubercle bacillus. Similar 
considerations hold for any bacteria growing under aerobic conditions. 
Conditions in nature are frequently not so suitable for the growth of 
bacteria as those in the test tube, and during the course of time many 
species have become adapted to growth under diminished oxygen supply 


1 Otto Rahn, “Microbes of Merit,” The Ronald Press Company, New York, 1945. 
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or in the complete absence of oxygen. The digestions of organic matter 
which they carry out under anaerobic conditions are not complete, and 
the waste products of these bacterial fermentations are often character- 
istie of a particular species. The lactic acid bacteria of milk character- 
istically partially digest (ferment) sugars with the production of lactic 
acid; the propionic acid bacteria active in the production of Swiss cheese 
produce propionic and acetic acids and carbon dioxide (responsible for 
the holes) ; while the coliform bacteria produce an even greater number 
of end products of the fermentation of sugar. Similarly, proteins can be 
digested in the absence of oxygen with the production of a variety of end 
products, some of which are putrid-smelling compounds and hence gave 
rise to the term putrefaction for the anaerobic fermentation of proteina- 
ceous matter. 

Many species of bacteria, the facultative anaerobes, are able to grow 
under either aerobic or anaerobic conditions. Under aerobic condi- 
tions they commonly oxidize the organic foodstuff to completion; under 
anaerobic conditions it is only partially digested, and many of the prod- 
ucts of partial digestion are valuable to man in his everyday life. They 
are also of value to the bacteriologist, since he commonly tests for the 
production of characteristic end products of the fermentation of sugars 
and of amino acids as a helpful procedure in the identification of many 
species of bacteria. These digestions, like the syntheses previously men- 
tioned, are controlled by the enzyme pattern of the species. It should be 
reemphasized that both aerobic and anaerobic respiration involve pri- 
marily splitting of the foodstuff molecules into simpler units and oxida- 
tion of these units. Oxidation under aerobie conditions results in the 
transfer of hydrogen and electrons to oxygen; under anaerobic conditions 
the transfer is to organic molecules formed during the course of degra- 
dation of the foodstuff or at times to other hydrogen acceptors such 
as nitrates or sulfates. Since these hydrogen acceptors are generally 
limited in amounts present in the medium or in amounts formed during 
dissimilation, oxidation cannot proceed to completion since the available 
hydrogen acceptors limit the extent of the oxidation. Other, more com- 
plex factors also play a role in preventing oxidation to completion under 
anaerobic conditions. 

Observations on both the particular foods utilized and the end products 
of their utilization are employed in the identification of different species 
of bacteria as is illustrated in Table 8-1. The bacteriologist commonly 
tests for the ability of an unknown organism to ferment various sugars, 
as evidenced by acid or acid and gas production, or to hydrolyze complex 
carbohydrates such as starch or cellulose (or even agar) into simpler, 
fermentable sugars; for the production of hydrogen sulfide from sulfur- 
containing amino acids; for the liquefaction of gelatin or of coagulated 
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serum; for the coagulation of the casein in milk; for the reduction of 
dyestuffs such as methylene blue or litmus or the reduction of nitrates; 
for the production of indole from the amino acid tryptophan or of am- 
monia from amino acids in general; and to a lesser extent for the pro- 
duction of other specific products such as acetylmethylearbinol. The 
beginning student tends to think of these tests primarily as diagnostic 
procedures, while actually the results of these tests reflect the enzymic 
content and activities of the species tested. Types of colonies produced, 
characteristics of growth in liquid media, pigment formation, ability to 
produce an infection in plants or animals, and other biochemical activities 
(or activities ultimately based thereon) are also employed in the identi- 
fication of an unknown species, using reference keys to the bacteria based 
upon such characteristics. The keys most widely used for such a purpose 
in this country are presented in ‘‘Bergey’s Manual of Determinative 
Bacteriology.” All the biochemical tests reflect the enzyme pattern char- 
acteristic of a species, a pattern which is subject to variation within limits 
controlled by the genetic pattern of the species and by those environ- 
mental factors which influence the activity of enzymes. Actually the 
enzyme pattern is controlled by the genes; the metabolic activities of a 
cell reflect its enzyme pattern, these enzymes in turn being produced 
under the pattern established by the genes characteristic of a given 
species. 

Since a complete understanding of bacteria and their behavior neces- 
sitates a fuller understanding of the metabolic activities of bacteria, these 
biochemical activities are considered in more detail in the two following 
chapters. The more general aspects of metabolism are considered in 
Chap. 9 while Chap. 10 is devoted to the metabolism of individual groups 
of bacteria. Much of the material presented in these chapters is of a 
somewhat complex biochemical nature but is simplified in so far as con- 
sistent with the development of a reasonably complete picture of the 
metabolic activities of the bacteria. The detailed biochemical considera- 
tions are intended primarily as reference material, to illustrate the com- 
plex but carefully coordinated metabolic activities of bacteria and other 
cells. An attempt is made in Chap. 9 to develop a simple picture of 
metabolism before proceeding with the more complex aspects. Final 
choice of material to be covered can rest with the instructor as he sees fit 
for the development of the course. 
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CHAPTER 9 


MECHANISMS OF MICROBIAL RESPIRATION 


The study of bacteria as physiological agents may be said to have had 
its origin in Pasteur’s work on fermentation and its early development in 
the hands of Winogradsky, Omeliansky, Beijerinck, Harden, and others. 
The majority of the applications of chemistry to microbial activity were 
made in those fields where the chemical changes produced by the microbes 
were fairly well defined and led to the production of substances of eco- 
nomic importance. In more recent years the tendency has been to study 
the various microorganisms both as living agents and in an attempt to 
obtain a more complete understanding of their varied and numerous ac- 
tivities in the soil, in water, in their industrial applications, and in their 
relation to infectious diseases in plants and animals. Bacteria and yeast, 
owing to their relatively small size, simplicity of organization, rapid 
growth, and ability to adapt themselves to changes in their environment, 
make excellent test agents for the study of many chemical reactions of 
physiological importance, and many of the advances in biochemistry in 
recent years are due in part to studies with these organisms. 

To form any completely coherent picture of the essential chemical 
processes accompanying the life of these minute organisms is as yet 
beyond our power. But much is known about their general metabolic 
activities, and we can attempt to consolidate our knowledge of the 
metabolism of microorganisms, whether they are agents of disease or 
bearers of economically important enzymes. From the biochemical point 
of view, the fact that a particular microbe will grow only in a complex 
medium is not of importance except in so far as it brings forth the ques- 
tions as to what the chemical substances are in the medium that are con- 
ducive to growth, what their functions are, and why one organism, but 
not another, requires these particular substances. From the same view- 
point the lesions produced in infectious diseases are not of so much in- 
terest as the microbial processes, and their interplay with the host, which 
lead to the typical disturbances in the host’s tissues. Thus the problems 
become more complex and require that interest be developed in the how 
and why of microbial activity. We have already summarized the why 
of microbic activity as the necessity of the cell to obtain energy and 
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building material for its maintenance and growth. Let us now turn to 
a consideration of how microbes, and incidentally other forms of life as 
well, carry out these processes. 

We now know that microorganisms are responsible for decay, for 
fermentation, for the maintenance of soil fertility, for the production of 
infectious diseases, and. for numerous other activities, but it was only 
about one hundred and twenty years ago that Thenard, and a little later 
Schwann, proposed that fermentation is brought about by the activities 
of yeast cells. Before this proposal it was believed that fermentation was 
a natural decomposition of sugar in fruit juices and that fermentation 
provided conditions conducive to the growth of microorganisms, rather 
than being caused by them. The famous German chemist Liebig main- 
tained that fermentation is a spontaneous process induced by unstable 
molecules in the fluid and that microorganisms may appear in the fer- 
menting liquid since they are simply bits of loosely organized organic 
matter. Schwann’s concept of fermentation gave rise to a bitter con- 
troversy between his followers and those of Liebig, and the controversy 
is well illustrated by an anonymous satirical article which appeared in 
Justus Liebigs Annalen der Chemie in 1839. Quoting in part from a 
translation by E. F. Kohman: ? 


Beer yeast, dispersed with water, is dissolved under this instrument [described 
as a remarkable new microscope] into endless small pellets whose diameter is 
scarcely Yoo that of a line, and into fine threads which are unmistakably a sort 
of protein material. If one introduces these pellets into sugar water, one observes 
that they consist of the eggs of an animal; they swell, burst and tiny animals are 
evolved from them, which multiply with inconceivable rapidity in a most unparal- 
leled manner. The form of these animals deviates from every one of the 600 
hitherto described species; they possess the shape of a tiny “Beindorf” distillation 
flask (without the cooling apparatus). The nozzle of a helmet is a sort of sucking 
proboscis which is lined on the inside with bristles “4000 of a line in length; teeth. 
and eyes are not noticeable; on the other hand, one can easily distinguish a stom- 
ach, intestinal canal, the anus (as a rose-colored point) and the urinary secretory 
organs. From the moment that they have escaped from the eggs, it is observed 
that these animals gobble up the sugar out of the solution; very plainly it is seen 
as it arrives in the stomach. Momentarily it is digested, and this digestion is 
simultaneous with and in a most concise manner distinguishable from the evacua- 
tion of excrements which follows. In a word these infusoria eat sugar, evacuate 
from the intestinal tract aleohol, and from the urinary organs carbon dioxide. . . . 

Quantitative data, as well as drawings of the form of these animals are to follow 


in a more detailed treatise. 


Needless to say the detailed treatise never appeared, but this article 


does indicate the extent of the controversy. 


1 Journal of Chemical Education, 10, 543 (1933). 
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Lavoisier in 1789 had demonstrated that alcoholic fermentation con- 
sisted chemically of a decomposition of sugar into ethyl alcohol and 
carbon dioxide, the quantitative aspects of alcoholic fermentation being 
established in 1815 by Gay-Lussac, who reported that the chemical 
reaction may be expressed as 


CgH1206 se 2C,H;0H + 2COz2 


Berzelius around 1837 recognized the similarity between the fermentation 
of sugar and the decomposition of molecules such as those of hydro- 
gen peroxide by catalysts. He spoke of fermentations as catalytic life 
processes, or the results of the catalytic power of tissues, but was unwill- 
ing to ascribe alcoholic fermentation to the activities of minute, self- 
reproducing yeast cells. Berzelius pictured alcoholic fermentation as 
being caused by yeast, which he considered to be a ferment produced by 
the spontaneous oxidation of grape juice. His concept was strengthened 
by the fact that the ferments (enzymes) diastase, emulsin, pepsin, and 
trypsin had been obtained free from living cells and that these agents 
were able by themselves to bring about the catalytic decomposition (hy- 
drolysis) of starch, polysaccharides, and nitrogenous matter, respectively. 
Remember that at this time the cellular concept was just being estab- 
lished and that little was known concerning the nature of microorganisms. 

Pasteur published several papers around 1860 to 1879 in which he 
pointed out that when fermentations occur, certain microorganisms 
abound in the liquid; that when these organisms are introduced into an 
unfermented liquid, the same kind of fermentation is induced; and that 
the nature of the fermentation depends upon the kind of microorganism 
introduced into the medium. Finally he pointed out that when these 
microorganisms are excluded, no fermentation occurs. According to 
Pasteur’s concept, alcoholic and other fermentations are closely connected 
with the life of living cells, which he considered as organized or formed 
ferments, while diastase, emulsin, pepsin, and trypsin are unorganized 
ferments since they do not require the presence of living cells for their 
activity. In 1878 Kiihne proposed the name enzyme for this latter group 
of ferments. Those who believed in vital forces claimed that marked 
differences existed between fermentations and enzymatic reactions, the 
former occurring only in immediate contact with the living cell, while 
enzymes acted when separated from the cell. 

In 1897 Buchner demonstrated that fermentation can occur in the 
absence of yeast cells. On crushing yeast with sand and filtering off the 
yeast Juice under pressure, he obtained a cell-free preparation capable of 
converting sugar to ethyl alcohol and carbon dioxide. This discovery led 
to the concept that, although protoplasm is the producer and carrier of 
enzymes, yet protoplasm can often be broken down without injury to the 
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enzymes. The difference between ferment and enzyme then disappears, 
and we now recognize that enzymes are formed by the cell but are not 
necessarily dependent upon the cell for their activity. 

Enzymes are loosely defined as organic catalysts of biological origin. 
They may also be defined in functional terms as biocatalysts of diverse 
chemical nature which by chains of linked reactions implement biological 
oxidations, hydrolyses, syntheses, and other reactions, at the same time 
imparting order and direction to these reactions within the living cell. 

Catalysis. Since we have defined enzymes as biocatalysts, we should 
first consider what is meant by the terms catalyst and catalysis, as our 
definition implies that enzymes are catalysts of biological origin. A 
catalyst is defined as a substance which changes the rate of a chemical 
reaction without itself being used up in the reaction, and such alteration 
in reaction velocity is called catalytic action, or catalysis, the word 
catalysis meaning “loosening down.” Most catalysts accelerate reac- 
tions, but examples of negative catalysis are known. A chemical reaction 
may occur spontaneously if there is a decrease in free energy as a result of 
the reaction, but, although the reaction may theoretically be possible, we 
must remember that the reaction does not need to oecur at an appreciable 
rate. Foodstuffs can be oxidized to carbon dioxide and water spontane- 
ously in the presence of oxygen, but this oxidation does not occur at an 
appreciable rate with ordinary foods and at low temperatures. (Note 
the fact that many of the foodstuffs buried with the Egyptian Pharaohs 
were still intact when the tombs were opened after thousands of years.) 
In the presence of the appropriate biocatalysts the same foodstuffs would 
be oxidized rapidly. 

Hydrogen peroxide is fairly stable in dilute solution but decomposes 
rapidly into water and oxygen in the presence of colloidal platinum or 
the enzyme catalase. A substance such as platinum in the colloidal state 
possesses an enormous surface in comparison to its mass, and it is assumed 
that the forces operative at a surface tend to bring about an increased 
concentration of material at that surface. As a result of the union be- 
tween the adsorbed material and the adsorbent, it is possible that strains 
or stresses are set up in the adsorbed molecules and the latter become 
more reactive and undergo change with greater rapidity than when in the 
free state. In other words, the catalyst by adsorption brings about an 
increased local concentration of the reactant or reactants and at the same 
time makes these molecules more reactive; i.e., the catalyst activates 
the substance upon which it acts. Numerous factors are involved in 
catalytic action, and there is no generally accepted theory of catalysis, 
but this concept of adsorption and activation does enable us to form 
a mental picture of the reaction and to explain in simple terms the cause 
of the increased rate of reaction. A catalyst by itself cannot bring about 
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a reaction which theoretically cannot occur spontaneously; it can only 
release the natural inertia to change inherent in the molecule and thus 
increase the velocity of the reaction. The catalyst appears unchanged 
after the adsorbed molecule has been decomposed and is ready to unite 
with more of the material undergoing change; thus a small amount of the 
catalyst is able to catalyze the change in large amounts of the material 
unless a product of the reaction is inhibitory to the catalyst, or to the 
reaction itself, or unless a catalytic poison is added to the reaction mix- 
ture. A catalyst cannot alter the equilibrium point of a reaction but 
merely increases the rate at which that equilibrium is established, gen- 
erally increasing the rate of reaction in both directions; in other words, 
catalysis is frequently reversible. A typical example of the reversibility 
of catalysis is the hydrolysis of butyl acetate by water in the presence 
of hydrogen ions acting as a catalyst. Acetic acid and butyl aleohol are 
formed as a result of the reaction, but if one starts with a mixture of 
acetic acid and butyl] alcohol, butyl acetate and water are formed. The 
rate of hydrolysis or of formation of butyl acetate is very slow or neg- 
ligible in the absence of the catalytically acting hydrogen ion but is quite 
rapid in its presence. In either case the same equilibrium is finally es- 
tablished, and we write 


CH3:COO-C4Hy + HzO @ CH3-COOH + CyH OH 


Regardless of the amounts of butyl acetate and water or of acetic acid 
and butyl alcohol initially present, an equilibrium will be established in 
which the product of the concentration of acetic acid times the concentra- 
tion of butyl alcohol divided by the product of the concentration of butyl 
acetate times the concentration of water is equal to a definite numerical 
value, the equilibrium constant, at a given temperature. The same be- 
havior is noted if the enzyme lipase is employed as the catalyst in place 
of hydrogen ions, and the same general factors appear to be involved in 
both ordinary catalysis and enzyme action. 

Let us attempt to picture the concept of activation of a molecule by a 
catalyst or enzyme in the following manner: Suppose that the reacting 
substance has a certain energy content represented by the level A in Fig. 
9-1 and that the products of the reaction are at an energy level C. When 


Activated molecule 





B aoe. Be wesw @ ee 
Energy of activation * 
Normal molecule Net change in energy or 
pe ee ee free energy change 


Products of reaction 


Fic. 9-1. Hypothetical illustration of activation of a molecule. 
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the reaction occurs there is a free-energy decrease represented by the 
difference in energy between the levels A and C. In the presence of a 
catalyst the rate of the reaction is increased, owing to adsorption and 
activation of the reactant by the catalyst. As a result of the union be- 
tween the reacting substance and the catalyst, the energy of the react- 
ant is increased to the level represented by B, and the molecule is said to 
be activated, or rendered more reactive. When the reaction occurs, there 
is a free-energy decrease from the level B to the level C, but since the 
energy of activation is A to B, this same amount of energy is released 
when the reaction occurs and hence balances and cancels the original 
energy of activation. Therefore the actual energy change, even in the 
presence of the catalyst, is only from A to C. The total amount of avail- 
able energy from a given reaction is the same whether the reaction occurs 
spontaneously or is induced by an enzyme or catalyst. 


ENZYMES 


A number of enzymes have been obtained in crystalline form, but their 
chemical composition is so complex that they are identified and classified 
on the basis of what they do rather than what they are. In general, 
enzymes appear to consist of two components: (1) a protein portion com- 
monly called a carrier, or apoenzyme, involved in, and highly specific 
for, the adsorption of the foodstuff (substrate) molecule, and (2) a frac- 
tion active in carrying out the enzymatically catalyzed reaction and 
commonly spoken of as a prosthetic growp or coenzyme. The enzymic 
protein-coenzyme complex is known as a holoenzyme (complete enzyme), 
and the union between the two fractions may be a firm one as in catalase, 
a protein plus hematin, or it may be a loose one as in the lactie acid 
dehydrogenase (Fig. 9-2) which consists of a protein plus coenzyme I. 
Coenzyme I (see Fig. 9-3) is a diphosphopyridinenucleotide (formerly 
abbreviated as Col, more commonly now as DPN) and acts as a 
coenzyme for numerous dehydrogenation reactions, uniting with differ- 
ent apoenzymes. Coenzymes in general may be regarded as shuttle sys- 
tems, accepting material from one enzymatically activated substrate and 
transferring it to a different molecule, being regenerated in its original 
form in the process and ready to continue the cycle. The protein part 
of the enzyme confers specificity regarding substrate utilized, while the 
coenzyme is specific for the transport of a product of the enzymatically 
catalyzed reaction, e.g., hydrogen and electrons, phosphate, acetyl groups, 
and so on. Coenzymes such as DPN appear to be able to dissociate 
readily from one protein and shift to another, thus implementing the 
utilization of the substrate. Metallic ions such as magnesium are also 
essential to the activity of many enzyme systems, and when this is the 
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Fic. 9-3. Coenzyme I or DPN, a diphosphopyridine nucleotide. The hydrogen atom 
in larger, heavier type in the nicotamide molecule shows where hydrogen is taken up 
by the coenzyme when it is reduced. Coenzyme II (TPN) differs from coenzyme I 
by the possession of an additional phosphate group. 


case, the ion is known as a cofactor. The exact role of the cofactor is 
not known, but in many cases it appears to function in the binding of 
the substrate by the enzyme. 

The mode of action of an enzyme-coenzyme system may be pictured 
as illustrated in Fig. 9-2. The enzyme represented possesses two dis- 
tinct reactive groups spaced relatively close to each other. The sub- 
strate molecule, lactic acid in this illustration, is specifically adsorbed by 
the lactic acid—adsorbing group of the enzyme. The forces holding the 
molecule together are so altered by this adsorption-activation process 
that the bonds between two hydrogens and the lactic acid molecule are 


MECHANISMS OF MICROBIAL RESPIRATION 189 


so weakened (represented by dotted lines) that these hydrogens are 
readily given off and taken up by the coenzyme DPN, which is also in 
specific union with the lactic dehydrogenase. The oxidation product, 
pyruvie acid, is not firmly bound by the enzyme and is released, thus 
permitting the adsorption of another lactic acid molecule. DPN, which 
is reduced as a result of the oxidation of lactic acid, can be oxidized by 
loss of hydrogen, possibly to another hydrogen acceptor in close spatial 
relationship to it, or it may dissociate from its union with the enzyme 
and be attracted to the next hydrogen acceptor in the pathway of oxida- 
tion, being replaced by another molecule of the coenzyme in the oxidized 
form. In either case the reaction could proceed, lactic acid molecules 
being continuously adsorbed and then oxidized by loss of hydrogen ions 
(and electrons) to the coenzyme, which in turn is oxidized and ready to 
oxidize another lactic acid molecule. 

Enzymes which are present in the cell and are not secreted into the 
environment of the cell are spoken of as intracellular enzymes, or endo- 
enzymes. They may be obtained free from the cell when the latter 
is disintegrated, and many remain active for a considerable period of 
time when thus separated. Those 
which are normally secreted by 
the cell and whose main site of 
activity appears to be outside the 
cell are known as extracellular 
enzymes or exoenzymes. Most of 
the exoenzymes are involved in 
the hydrolytic splitting of com- 
plex substances into simpler units 
more readily absorbed by the cell. 
Zacteria capable of liquefying 
gelatin would be characterized by 
the secretion of gelatinase, those 
decomposing cellulose by a cellu- 
lase, those hydrolyzing starch by 
an amylase (see Fig. 9-4), ete. 





Fic. 9-4, Illustration of hydrolysis of starch 
by bacteria. Starch in the starch-agar 

fnzymes are generally named plate was not hydrolyzed by Escherichia 
bw adding the suffix -ase to the coli (B) and therefore gave a blue color 
(dark in photograph) with iodine, while 
"no color was produced around the growth 
by the enzyme or to the type of of Bacillus subtilis (A) which hydrolyzes 


reaction produced, although the _ starch. 


name of the substrate activated 


names employed for a number of 
enzymes are holdovers from early days and are employed for historical 
reasons. Examples of various types of enzymes and the reactions they 


elicit are given in Table 9-1. 
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TaBLE 9-1. A Partiau List OF ENzYMES AND Enzymic ACTIVITY 


Name 


Proteinases 
Pepsin 


Trypsin 


Gelatinase 

Fibrinolysin 
Amidases 

Arginase 

Urease 
Carbohydrases 

Amylase (Diastase) 

Cellulase 

Maltase 

Sucrase (Invertase) 
Esterases 

Lipase 

Phosphatase 
Phosphorylases 


Adenosine phos- 
phorylase 
Oxidases 
Indophenol (Cyto- 
chrome oxidase) 
Dehydrogenases 


Glucose dehydrogen- 


ase 


Lactic acid dehydro- 


genase 
Peroxide utilization 
Catalase 
Peroxidase 
Decarboxylases 
Pyruvic decarboxy]l- 
ase 
Amino acid decar- 
boxylase 
Transferase 
Transaminase 
Transacetylase 


Substrate Type of reaction 


Protein Hydrolysis 
Proteins hydrolyzed to proteoses, peptones, and poly- 
peptides 
Proteins hydrolyzed to proteoses, peptones, and _ poly- 
peptides 
Gelatin hydrolyzed to simpler units 
Fibrin decomposed 
Amino acids Hydrolysis 
Arginine hydrolyzed to urea and ornithine 
Urea broken down into carbon dioxide and ammonia 
Carbohydrates Hydrolysis 
Starch hydrolyzed to maltose 
Cellulose hydrolyzed to cellobiose 
Maltose hydrolyzed to glucose 
Sucrose hydrolyzed to glucose and fructose 
Fats Hydrolysis 
Fats hydrolyzed to fatty acids and glycerol 
Hydrolysis of phospholipids 
Carbohydrates and phosphates Phosphorylation or de- 
phosphorylation 
Phosphorylation of 
glucose, etc. ~ 


Adenosine triphosphate 


Hydrogen carriers Oxidation 
Cytochrome Oxidation 
Oxidizable foodstuff Oxidation 


Glucose oxidized by loss of hydrogen 

Lactic acid oxidized by loss of hydrogen 

Hydrogen peroxide decomposed to oxygen and water 

Hydrogen peroxide activated as an oxidizing agent 
a-Keto acids Carbon dioxide split off 

Pyruvic acid split to carbon dioxide and acetaldehyde 

Amino acids split to carbon dioxide and organic residue 


Amino and keto acids 
Acetate 


Transfer of amino group 
Transfer of acetyl] group 


Only a few of the known enzymes have been listed in Table 9-1, and we 


cannot consider these enzymes in detail here. 


It is desirable, however, 


to consider briefly various factors influencing enzyme action and then to 
consider the activity of enzymes as illustrated by a typical series of re- 
actions common to many organisms, both unicellular and multicellular. 
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Specificity of Enzyme Action. The compound which is activated by an 
enzyme is spoken of as the substrate of that enzyme, and in general only 
one compound is adsorbed and activated by a specific enzyme. Fre- 
quently this enzyme-substrate specificity is so complete that only one 
optical isomer of a particular compound is utilized by the enzyme, a fact 
observed with entire organisms by Pasteur in his early studies on the 
optical isomers of tartaric acid. Specificity in other cases is not as 
restricted as we have just considered, some enzymes being able to catalyze 
the utilization of compounds having the same chemical grouping or struc- 
ture in common. For example, certain protein-splitting enzymes, pro- 
teases, may hydrolyze various proteins or protein degradation products 
containing the —CO—NH-— linkage into their amino acid constituents. 
On the other hand a particular enzyme may adsorb compounds having 
the same general structure but may not be able to activate these com- 
pounds. This is illustrated by the enzyme succinic acid dehydrogenase, 
which catalyzes the oxidation of succinic acid to fumaric acid. Malonic 
acid, COOH-CH,-COOH, possesses the same general structure as suc- 
cinie acid, COOH:CH»:CH2-COOH, and is adsorbed by succinic acid 
dehydrogenase, but it is not activated. It tends to remain at the succinic 
acid enzyme centers of the cell and by blocking the enzyme inhibits the 
oxidation of succinic acid. Maloniec acid for this reason can be considered 
as a cellular or enzyme poison. 

Enzyme Inhibitors. Many substances can inhibit the action of en- 
zymes, a few by competitive inhibition of the malonic acid-succinic acid 
type, others by a specific inhibition of a chemical group, such as the 
sulfhydryl (—SH), in the enzyme complex, and still other substances or 
physical agents can exert a nonspecific inhibition or. destruction of en- 
zymes. Competitive inhibition is involved when the degree of inhibition 
is dependent upon the ratio of the inhibitor to the substrate, not upon 
the total amount of the poison. Inhibition of the noncompetitive type 
is generally complete above a certain critical concentration of the in- 
hibitor and is not relieved by additional substrate. 

We have given one example of enzyme inhibition of the competitive 
type, but there is another example that might well be mentioned at this 
point. The bacteriostatic activity (inhibition of bacterial growth and 
activity) of the sulfonamide drugs has been explained in terms of com- 
petition between the drug and an essential metabolite (an intermediate 
compound of metabolism essential for the cell) for the enzyme involved 
in the use of the metabolite. Sulfanilamide apparently inhibits the uti- 
lization of p-aminobenzoic acid by the bacterial cell, the structural rela- 


NH,-¢ \—COOH NH,—€ _ S—80:NHp 


oa 


p-Amino benzoic acid Sulfanilamide 
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tionship between these compounds being such that both are adsorbed at 
the same enzyme center. The sulfa drug is not activated and hence 
blocks the enzyme to which it is adsorbed. Attempts, some successful, 
have been made to develop other chemotherapeutic agents on the basis 
of competitive inhibition, but unfortunately there is so much similarity 
between the enzymes of bacteria and of mammalian cells in general that 
the drug frequently competes with the enzymes of the host as well as with 
those of the parasite. 

Many heavy-metal ions, such as those of mercury and silver, are able 
to inhibit the action of enzymes, in some instances at least, by combina- 
tion with —SH groups. This action is frequently reversible; in the case 
of mercury the latter can be removed by precipitation as the insoluble 
sulfide, with restoration of enzymic activity. Cyanides, carbon monox- 
ide, and apparently sodium azide inhibit the action of the oxidases by 
combination with iron in these enzymes. Chloroform and the urethans 
inhibit the activity of dehydrogenases. A wide variety of agents such as 
phenol, alcohols, and numerous other compounds, both organic and inor- 
ganic, apparently exert a nonspecific inhibitory action which may lead to 
a denaturation of the enzyme protein. Other factors such as hydrogen- 
ion concentration and temperature influence the activity of enzymes, and 
in addition the concentrations of both enzyme and substrate must be 
taken into account as well as the accumulation of end products of the 
specifically catalyzed reaction. 

pH. The hydrogen-ion concentration of the medium has a marked 
effect on the rate of enzyme action (see Fig. 9-5). There is an optimum 
pH or pH range for every enzyme, and at values greater or less than the 
optimum, enzyme activity decreases. When the concentration of hydro- 
gen ions, or of hydroxyl ions, becomes too great, the enzyme is inacti- 


Activity 





PH Temperature deg.C 


Fia. 9-5. The influence of pH and of temperature on the rate of enzyme action. 
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vated. The influence of pH on enzymic activity is paralleled by its in- 
fluence on growth, growth occurring only in that pH range in which the 
essential enzymes exhibit marked activity. 

Temperature. Just as there is an optimum pH for the activity of any 
one enzyme, likewise there is an optimum temperature or temperature 
range (see Fig. 9-5). In general, enzyme activity increases with increase 
in temperature up to the optimum temperature, the rate being approxi- 
mately doubled or trebled for each 10°C. increase in temperature. The 
rate of enzyme action rapidly decreases as the temperature is increased 
above the optimum, and at still higher temperatures enzymes are in- 
activated quite readily. The optimum temperature depends upon the 
particular enzyme and in some instances upon the source of the enzyme. 
For example, the enzymes of thermophilic bacteria must have a differ- 
ent temperature optimum than those present in bacteria growing at or- 
dinary temperatures. 

Enzyme and Substrate Concentration. In general, the rate of enzyme 
action is proportional to the concentration of the enzyme as long as there 
is sufficient substrate present to keep the enzyme saturated. This, of 
course, holds true only if the pH is held constant and if products of the 
reaction, or of side reactions, are not inhibitory. The production of ethyl 
aleohol, for example, would be inhibited by the presence or accumulation 
of too great a quantity of the alcohol in the medium. 

Likewise the rate of enzyme action is in many instances proportional 
to the substrate concentration when the latter is present in low concen- 
trations. As the concentration of the substrate is gradually increased, 
the reaction velocity increases less rapidly than the concentration until 
further increase in concentration has little or no effect. Too high a sub- 
strate concentration frequently is inhibitory, primarily as a result of 
osmotic-pressure effects. Some enzymes are saturated at very low sub- 
strate concentrations, others at only relatively high concentrations, and 
the concentration of the enzyme itself must be considered at the same 
time. Just as enzyme and substrate concentrations influence reaction 
velocity, so likewise the concentrations of cells and of foodstuffs influence 
the growth and activity of bacteria. 

Types of Enzymatically Catalyzed Reactions. To recapitulate, we 
have considered that enzymes are “active organs” of the cell and that in 
their activities they are aided by cofactors, often simple ions such as 
magnesium, and by coenzymes, the protein-coenzyme-cofactor complex 
making up an “enzyme system.” The activity of the enzyme system is 
markedly influenced by the concentration of hydrogen ions and of sub- 
strate, by the temperature, the presence of specific enzyme poisons, and 
the concentration of products of the reaction. Hence any factor which 
influences enzyme action influences the activity of the cell as well. 
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Now suppose yeast cells are growing in a medium containing glucose. 
We have seen that, when glucose is synthesized by the green plant, the 
glucose has a molar free-energy content higher by approximately 686,000 
eal. than that of the carbon dioxide and water from which the sugar was 
formed with the aid of sunlight, chlorophyll, and the plant enzymes. 
Hence, according to the laws of the conservation of energy, as much 
energy is available when sugar is broken down under the same concen- 
trations and pressures into its components, carbon dioxide and water, as 
was required for its synthesis. If glucose were oxidized by the yeast cell 
in the same manner that it undergoes oxidation in a flame, 674,000 cal. 
of heat energy would be unleashed in a haphazard and probably lethal 
manner. 

It is the function of the enzymes to take the foodstuff molecules, to 
activate them, and to direct the reactions they undergo so that energy 
and building material are made available in an organized manner for the 
cells. The following general types of enzymatically controlled reactions 
are known to be involved in the utilization of carbohydrates, fats, or pro- 
teins by the living cell: 

1. Hydrolysis: the hydrolytic breakdown of complex molecules to simpler ones utiliza- 


ble by the cell 
Sucrose + water — glucose + fructose 


2. Phosphorolysis: similar to hydrolysis except that phosphoric acid is substituted for 
water 
glycogen + phosphoric acid — glucose + glucose phosphate 


3. Phosphorylation and dephosphorylation: the addition or removal of phosphate groups 
to or from a molecule, generally by means of the adenylic acid system, which serves as 
a means for transfer of energy from one reaction to another 


Glucose + adenosine triphosphate — glucose phosphate + adenosine diphosphate 


4. Oxidation and concomitant reduction: the removal of hydrogen from one molecule 
and its transfer to another molecule, or the gain and loss of oxygen, respectively 


Lactic acid + methylene blue — pyruvic acid + MB-2H 


Methane + oxygen — carbon dioxide + water 


5. Carborylation or decarborylation: the addition to or removal from a molecule of a 
molecule of carbon dioxide 


Pyruvic acid + carbon dioxide @ oxalacetic acid 


Acetaldehyde + water = hydrated acetaldehyde 


Pyruvic acid + ammonia = alanine 
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8. Transfer reactions: the transfer of an amino group from an amino acid to a keto acid 
Glutamic acid + pyruvic acid = a-ketoglutaric acid + alanine 


or the transfer of other groups 


9. Isomerization: the conversion of one compound into another of the same chemical 
composition but of different structure 


Dihydroxyacetone phosphate = phosphoglyceraldehyde 


Most of the enzymatically catalyzed types of reaction listed above will 
be illustrated further as we consider the metabolism of microorganisms 
in this and in the following chapter. Stress will be placed throughout 
on the utilization of glucose, but the same general principles apply to 
the utilization of other sugars, fats, and amino acids. In general, the 
various foodstuffs are broken down into simpler units, only one or a very 
limited number of key intermediates of metabolism being produced, 
from which metabolism proceeds along a common pathway. 


THE UTILIZATION OF FOODSTUFFS 


The utilization of foodstuffs by bacteria and other cells involves a 
considerable number of reactions and enzymes in reaction chains. The 
energy-providing reactions in these chains act in such a manner that 
the energy stored in the molecules is either utilized or liberated in small 
portions without the damage that would result if the molecule were oxi- 
dized as in a flame. The general nature of the energy-providing reac- 
tions was considered in the preceding chapter, and at this time we will 
consider the broader aspects of cellular metabolism. Much information 
is available concerning the dissiniilatory reactions elicited by the cell, 
while less is known concerning the assimilatory ones. The processes of 
assimilation and dissimilation are intimately connected and can be con- 
sidered analogous to the orderly series of events involving the provision 
of energy, of raw materials, of machines, and of directive forces which 
occur during operation of a modern industrial plant. Each step in the 
procedure has a definite function, and when one step is inhibited, the 
entire process is disturbed. We will consider an over-all and very sim- 
plified picture of metabolism with particular reference to the universal 
foodstuff, glucose. Various pathways of metabolism will be discussed 
in the following chapter with particular reference to the different meta- 
bolic groups of bacteria. Emphasis should be placed throughout on the 
general nature of the reactions involved and the principles of these re- 
actions; the various chemical formulas and equations being of interest 
only to those who are chemically-minded. 

The problem confronting us is how the cell is able to break down 
organic foodstuffs into waste products, at the same time utilizing a por- 
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tion of the energy and building material bound in the food for cellular 
purposes. The cell may not be permeable to large molecules, such as 
starch or gelatin, that it is potentially capable of using as food. These, 
if they are to be utilized, must be broken down into smaller molecules 
outside the cell. by its extracellular enzymes. Many of the smaller 
molecules pass into the cell readily, while some do so only with the ex- 
penditure of energy. Once the foodstuff has entered the cell, its utiliza- 
tion is controlled by the nature of the cell’s enzymes and to some extent 
by environmental factors. A relatively simple foodstuff such as glucose 
can be utilized in a variety of ways, even in the same cell. Different 
pathways of utilization employed by different species of bacteria are 
particularly evident under anaerobic conditions. 

Glucose may undergo condensation reactions in the cell, reacting either 
with itself or with other sugar molecules to form more complex carbo- 
hydrates comprising part of the chemical structure of the cell. Or it 
may be broken down into simpler units, some of which may enter the 
synthetic reactions catalyzed by the cell’s enzymes. For example, glu- 
cose may be oxidatively dissimilated with the formation of pyruvic acid 
(CH,;COCOOH), some of which under the influence of an enzyme may 
take up ammonia with the formation of alanine (CH;CHNH2COOH), 
one of the amino acids present in the cell’s proteins. Glycerol and fatty 
acids may be formed from glucose in other reactions and combined to 
form fats. Other substances are synthesized in similar ways. The en- 
ergy required for these syntheses comes, for the most part, from transfer 
reactions involving high-energy phosphate bonds, the transfer of which 
is mediated by the ATP system. These bonds, as we have seen, are 
generated during the course of oxidation reactions. There are two major 
Pathways for the oxidation of glucose in the cell. One, the Warburg- 
Dickens or pentose route, involves preliminary oxidation of the sugar 
to a sugar acid, which is further dissimilated and oxidized. The other, 
the Embden-Meyerhof pathway, involves considerable change in the 
sugar molecule, followed by splitting to form trioses (3-carbon com- 
pounds) before any oxidation occurs. Both pathways may be utilized 
in the same cell. . E. coli, for example, may utilize up to 40 per cent of 
the glucose oxidized via the Warburg-Dickens pathway and the re- 
mainder over the Embden-Meyerhof one. 

, In the Warburg-Dickens pathway for dissimilation of glucose, a num- 
ee eenae occur during which glucose is oxidized to gluconie acid. 
ion can be represented in a simplified manner as 


C;H,,0;CHO + 0.509 —s C5Hy,0;COOH + energy 


Actually phosphorylation and other reactions are involved, and the end 
result is that the cell gains in ATP content due to the oxidation of hydro- 


MECHANISMS OF MICROBIAL RESPIRATION 197 


gen from the glucose. Other reactions, including oxidations, decarboxy- 
lation with the formation of a 5-carbon or pentose sugar, splitting of the 
molecules, condensations, and so on, occur until all of the original glu- 
cose molecule has been converted into cellular substance or degraded to 
earbon dioxide and water. 

If we analyze the oxidation of glucose to gluconie acid we find that 
the oxidation can be represented as 


Glucose + phosphate — 2H* + 2e + phosphogluconic acid + heat 


glucose acting as a hydrogen and electron donor, its aldehydic group 
being oxidized to a carboxyl (acid) group. Oxidation involves con- 
comitant reduction, the hydrogen and electrons being transferred in a 
coupled reaction to a coenzyme of oxidation, generally TPN in this stage 
of the Warburg-Dickens pathway. This reduced coenzyme in turn is 
oxidized by loss of hydrogen and electrons to other acceptors in a “bucket 
brigade,” which ultimately brings them into union with oxygen as the 
“final” hydrogen acceptor under acrobic conditions. The carriers in this 
chain are flavoproteins and cytochromes, and they, together with the 
original coenzyme, undergo alternate reduction and oxidation, thus being 
used over and over again. Without going into the details involved, a 
typical biological oxidation chain can be represented as 


— Oxidation product 
Foodstuff— 
— Hydrogen and electrons 


DPN or TPN 
Bere homies 
Cytochrome oxidase 
Oxygen 


Water 


Under anaerobic conditions some compound (or compounds) must 
substitute for oxygen as the final oxidizing agent. This hydrogen ac- 
ceptor may be derived from the compound undergoing dissimilation or 
it may be an entirely different substance, organic or inorganic, present 
in the medium. Generally the bucket brigade is not involved anaerobi- 
cally in the transfer of hydrogen and electrons, the reduced coenzyme 
reacting directly with the oxidizing substance. 

We can illustrate both aerobic and anaerobic respiration (fermenta- 
tion) if we consider the over-all aspects of the Embden-Meyerhof path- 
way for the dissimilation of glucose. This mechanism operates in many 
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species in the same basic manner up to the pyruvic acid stage under either 
aerobic or anaerobic conditions. In essence it consists of a series of 
enzymatically catalyzed reactions during which the glucose molecule is 
phosphorylated, undergoes change in structure, and is split into two 
triose compounds. Oxidation occurs now, with the formation of phos- 
phoglyceric acid, hydrogen and electrons being given up to DPN. Under 
aerobic conditions these are passed along the bucket brigade to oxygen; 
under anaerobic conditions the oxidation of the reduced DPN is accom- 
plished by compounds derived from glucose, the particular substance (s) 
being dependent on the enzymatic make-up of the cells involved. The 
phosphoglyceric acid produced during the first stages of the Embden- 
Meyerhof pathway is converted ultimately into pyruvic acid which acts 
as the final hydrogen acceptor in the lactic acid bacteria (and in muscle 
under anaerobic conditions), being reduced to lactic acid (see Fig. 9-6). 
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Fic. 9-6. Basic steps of the Embden-Meyerhof pathway for glucose utilization. 
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Fic. 9-7. Simplified flow sheet for biological oxidations. During the course of these 
dissimilatory reactions compounds are formed that can be used in the assimilatory 


processes. 
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Fic. 9-8. An analogy to the liberation, transfer, and utilization of metabolic energy. 
(From “Carbohydrate Metabolism,” courtesy of S. Soskin and R. Levine and the 
University of Chicago Press, Chicago.) 
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In yeast the pyruvic acid is decarboxylated, giving rise to carbon dioxide 
and acetaldehyde, the latter compound oxidizing the reduced DPN and 
being reduced with the formation of ethyl alcohol. In many bacteria 
other substances can be formed from the sugar molecules, some of which 
act as oxidants, and hence give rise to a variety of fermentation products 
outlined in the next chapter. It should be remembered that while these 
chemical events are taking place, high-energy phosphate bonds are 
formed as a result of the oxidations; also, some of the sugar, or molecules 
derived therefrom, may be converted into cellular substance. A simpli- 
fied flow sheet for these reactions is presented in Fig. 9-7 and an analogy 
to the general picture in Fig. 9-8. 

What happens to dissimilation products such as pyruvie acid under 
aerobic conditions? A portion is assimilated and the remainder is con- 
verted into simpler compounds ultimately. In many species pyruvate is 
oxidatively decarboxylated with the formation of carbon dioxide and 
an acetyl group in union with coenzyme A. Acetyl-coenzyme A reacts 
with oxalacetic acid to form citric acid which is converted—in the so- 
called citric acid, tricarboxylic acid, or Kreb’s cycle—by decarboxyla- 
tions, oxidations, and other reactions into carbon dioxide and water, to- 
gether with a new molecule of oxalacetic acid to continue the cycle. Some 
synthesis of cellular matter may start from intermediates produced dur- 
ing the course of the cycle. In one revolution of this cycle, three mole- 
cules of carbon dioxide are liberated per molecule of pyruvate dissimi- 
lated, and ten hydrogen atoms, some from water that is taken up during 
the course of the cycle, are started on the flavin-cytochrome pathway to 
oxygen. Or, in summary, 


Pyruvate + 3 water + oxalacetate 


3 Carbon dioxide + 10 hydrogen + oxalacetate 
DPN 
Flavin-cytochrome 
Oxygen 
5 Water 


Some of the individual reactions in this cycle are indicated in Fig. 9-9. 
It is apparent that complex series of events are involved in cellular 
metabolism, but at the same time these processes are orderly ones and 
are used in common by widely divergent forms of life. 

Recapitulation of Aerobic and Anaerobic Respiration. To recapitu- 
late, the principles and mechanisms of biological oxidations are the same 
under both aerobic and anaerobic conditions. They consist primarily, 
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after preparatory changes in the foodstuff molecules, of a loosening of the 
bonds between certain hydrogen atoms and the remainder of the foodstuff 
molecule under the influence of a specific dehydrogenase. Oxidation is 
brought about by a transfer of these hydrogen atoms and the electrons 
involved to a specific hydrogen carrier, generally DPN, which is inti- 
mately associated with the dehydrogenase. The coenzyme in turn is 
oxidized by a flavoprotein enzyme system, which transports the electrons 
to the eytochrome pathway to oxygen. Under anaerobic conditions these 
carriers are soon saturated with hydrogen and/or electrons and no longer 
are able to function. Some compound or compounds other than molec- 
ular oxygen must then act as the hydrogen and electron acceptors from 
the foodstuff undergoing oxidation if cellular respiration is to continue. 
Since the foodstuff is only partially oxidized under anaerobic conditions, 
a considerable amount of energy remains bound in the end products of 
fermentation, and therefore much less energy is available to the cell per 
mole of foodstuff fermented than is available when an equal amount is 
oxidized to carbon dioxide and water. The adenylic acid system serves 
as a means of transfer of energy from exergonic to endergonic reactions. 

Other microorganisms possess still other types (or variations) of en- 
zyme systems—phosphorylases, mutases, isomerases, decarboxylases, de- 
hydrogenases, hydrogen transportases, ete —involved in the dissimilation 
of their foodstuffs, and as a result we find that different species may 
employ metabolic pathways other than those just considered, or may 
employ deviations therefrom. This may lead to the formation of sev- 
eral substances which can act as the final hydrogen acceptors in anaerobic 
dissimilation with the consequent production of a variety of alcohols, 
acids, or other organic compounds as the end products of a particular 
fermentation. In many instances inorganic compounds can be reduced, 
e.g., nitrates to nitrites, and with a few species gaseous hydrogen itself is 
an end product. The foodstuffs utilized, and the products of their dis- 
similation, are dependent on the enzymic structure of the species and 
serve as the basis of our classification of bacteria according to their 
biochemical properties. 

We have just considered that the pathway of fermentation does vary 
with the species eliciting the fermentation, but, to complicate matters, it 
may also vary with the same organism under different environmental 
conditions. In the normal alcoholic fermentation by yeast, carried out 
under acidic conditions, a small amount of glycerol is always produced. 
This can be explained on the basis that 3-phosphoglyceraldehyde, which 
normally serves as a hydrogen donor, also acts—poorly—as a hydrogen 
acceptor under acidic conditions, one molecule being oxidized while a 
second accepts the hydrogen and is reduced to a-glycerophosphate. The 
latter compound is then hydrolyzed with the formation of glycerol and 
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free phosphate. It appears that 3-phosphoglyceraldehyde can be reduced 
more readily with increasing pH, and in an alkaline environment glucose 
is fermented by yeast with a conversion of approximately one-half of 
the sugar to glycerol, the other half to alcohol and carbon dioxide. This 
shift in the end products of fermentation with change in hydrogen-ion 
concentration of the culture medium has been employed under wartime 
conditions for the production of glycerol from fermentable carbohydrates. 
However, the difficulty of separating the glycerol from the fermentation 
mixture makes the process economically unfeasible in normal times. 

It should also be noted in passing that a given species may undergo 
change, variants being produced with different fermentation character- 
istics. Hence any nonlethal change, cellular or environmental, which 
influences the enzymic structure or activity of the cell may produce an 
alteration in its fermentative or general metabolic behavior. Fortu- 
nately, from the viewpoint of the biochemical classification of bacteria, 
these variations from the normal pathways generally oceur within rather 
narrow limits. 

Assimilation. In the preceding discussion on respiration, stress was 
placed on the dissimilation and oxidation of food material. It might ap- 
pear that catabolism is the main activity of the cell and that anabolic 
activities are of secondary importance, being connected in some vague 
manner with the catabolic ones. Various studies have shown that in 
experiments of relatively short duration with nonproliferating cells, a 
considerable portion of the substrate is converted into cellular material; 
that the amount assimilated depends both upon the nature of the sub- 
strate and of the species; and that for a particular combination a rela- 
tively definite quantitative relationship exists between the amount of 
substrate oxidized to carbon dioxide and water and the amount assimi- 
lated. Balance sheets indicate an over-all relationship that can be rep- 
resented, for 50 per cent assimilation of glucose, as 


CgH 1206 + 302 2 3CO, + 3H2O + 3(CH,20) 


Some organisms, particularly algae, may assimilate 90 per cent or more 
of the substrate disappearing from the suspension medium, while most 
bacteria assimilate 25 to 50 per cent of the foodstuff. The extent of 
assimilation is much lower under anaerobic conditions. The initial prod- 
uct(s) of assimilation approximate(s) the general composition of carbo- 
hydrate, CH.O, regardless of the nature of the substrate. This does not 
imply, however, that carbohydrate is the only product of assimilation: 
it simplv indicates that cellular material has an over-all Sonipanition 
approx:mating a ratio of carbon-hydrogen-oxygen of 1-2-1, neglecting 
the small amounts of nitrogen, phosphorus, sulfur, and so on present in 
cellular material. Similar relationships are noted in actively proliferat- 
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ing cultures, although the amount of substrate assimilated appears to 
be somewhat lower than that noted with cell suspensions. This may be 
the result of secondary reactions, waste products being created during 
the conversions of primary products of assimilation into the numerous 
end products of cellular syntheses. 

Growth represents the synthesis of complex compounds, proteins, fats, 
carbohydrates, nucleic acids, and so on, from, in many instances, a rela- 
tively simple organic compound and salts present in the medium. It was 
believed that synthesis took place to a considerable extent by the reversal 
of hydrolytic reactions under particular conditions existing in the cells. 
Such syntheses can occur but probably do so only to a limited extent. 
Phosphorolytic reactions also occur in the cell, and these are more readily 
reversible than are the hydrolytic ones. This suggests, and experimental 
findings lend support to the concept, that phosphorylative synthesis is 
employed to a considerable extent in cellular metabolism. 

Intermediates of different molecular weights and configurations are 
formed during the oxidation of glucose over the Embden-Meyerhof and 
the Warburg-Dickens pathways and also in the tricarboxylic acid cycle, 
and these compounds can serve as starting points for various syntheses 
(see Fig. 9-9). Some of these compounds are formed in union with ap- 
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204 INTRODUCTION TO THE BACTERIA 


propriate coenzymes and are transferred as groups to acceptor molecules. 
For example, one acetyl-coenzyme A complex can donate or transfer an 
acetyl group to another acetyl-coenzyme A molecule, with the liberation 
of one molecule of coenzyme A and the formation of acetoacetyl-coen- 
zyme A. Reduction, further condensations, and so on, lead to the forma- 
tion of long-chain fatty acids which can be coupled to glycerol to form 
fats. Protein and polysaccharide syntheses may proceed in similar ways, 
starting from amino acids or monosaccharides formed in other synthetic 
reactions. 

In summary we can picture metabolism as a highly complex process in 
which cellular material is formed from the building materials present in 
the medium, or from substances arising during the course of degradation 
of the substrate molecules. Both the assimilatory and the dissimilatory 
reactions are under direct control of the cell’s enzymes. Chemical changes 
—generally oxidations—occurring during the course of the dissimilatory 
reactions provide the energy required for synthetic and other activities of 
the cell, energy transfer being mediated primarily by the ADP-ATP sys- 
tem. Excess energy in the form of heat and waste products such as 
carbon dioxide and water are given off at the same time. The energy 
present in the chemical bonds in the original foodstuff is liberated in 
series of reactions which take place in steps and in orderly manner. The 
reactions are frequently reversible; they may involve systems operative 
in a cyclic manner; and energy from them is made available in and trans- 
ferred by the ATP-ADP system. Many of the dissimilatory reactions 
are well known; those of the assimilatory processes are less well known, 
but information concerning them is increasing. From what we know of 
both processes, if the reactions are to occur in an orderly manner it is 
apparent that metabolism must consist of a wide variety of reactions 
coordinated in time and space, coordination being accomplished primarily 
through the agency of the enzymes which catalyze these reactions and im- 
part order and direction to them. This leads to the conclusion that many 
of the enzymes must be fixed in position within the cell, and, as we shall 
see later, the ability of a cell to form the particular battery of enzymes 
characteristic of a given species is intimately associated with and con- 
trolled by the genes of that cell. 
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CHAPTER 10 


METABOLIC GROUPS OF BACTERIA 


Knowledge of the nutritional requirements and metabolic activities of 
bacteria is of value in the classification of these organisms and in the 
development of an understanding of their activities. In Chap. 8 the 
bacteria were divided into four groups on the basis of their general carbon 
and nitrogen requirements. In another method of classification, on the 
basis of their most outstanding modes of nutrition, the bacteria may be 
divided into two basic groups, autotrophic and heterotrophic. The term 
autotrophic is employed here in its broadest sense to indicate that in 
general these organisms are self-sufficient; they are not dependent on 
other organisms for the synthesis of their foodstuffs since they can syn- 
thesize all their cell substance starting with water, inorganic salts, and 
carbon dicxide (or bicarbonates) as the constituents of the culture me- 
dium. Actually no organism is completely self-sufficient, as in time the 
supply of an essential substance, e.g., sulfur, in the environment, could 
be depleted and the organism would then become dependent on another 
for the conversion of material containing sulfur into sulfur compounds 
utilizable by the former species. This is well illustrated by the various 
cycles of the elements, which will be considered in particular in Chap. 15 
and which are so important in the economy of nature. The heterotrophs 
on the other hand require at least one preformed organic substance more 
reduced than carbon dioxide as their main source of carbon and are there- 
fore dependent upon other forms of life for the provision of essential 
organic foodstuffs. These two groups can in turn be divided into sub- 
groups on the basis of the most characteristic types of respiration. Again 
it must be borne in mind that a classification of this sort is not absolute; 
it only indicates trends. There is no sharp line of demarcation between 
the various groups. This classification, together with the main character- 
istics of the organisms in each group and typical examples. can be rep- 
resented as follows: 
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A GENERAL CLASSIFICATION OF BACTERIA ON THE Basis or THEIR OUTSTANDING 
NutRITIONAL AND RespIRATORY CHARACTERISTICS 


AUTOTROPHS 


Chemosynthetic Autotrophs 


Nutrition: Multiply in an inorganic medium in the absence of reduced carbon com- 
pounds, earbon being assimilated from carbon dioxide. 

Respiration: Aerobic for most species, energy being obtained from the oxidation of 
inorganic compounds generally highly specific for particular genera. 

Respiratory enzymes: Those involved in the oxidation of the inorganic energy source 
are unknown; other enzymes similar to those in heterotrophic forms. 


Examples: Nitrosomonas europaea 
NH; + 114402 — HNO» + H20 
Thiobacillus thioparus 
S + 11402 + H2xO — H2SO,4 
Hydrogenomonas pantotropha 
Hy + 402 — H20 
Photosynthetic Autotrophs 


Nutrition: Most species can multiply in an inorganic medium, while a few require 
egrcwth factors and/or reducible organic matter, carbon being assimilated primarily 
from carbon dioxide. 

Respiration: Anaerobic, energy for the reduction of carbon dioxide to cellular material 
being obtained from light. 

Respiratory enzymes: Enzyme systems involved in the photochemical reduction of 
carbon dioxide, other enzymes similar to those in heterotrophic forms. 


Examples: Green sulfur bacteria, Chlorobium limicola 
COz + 2H2S + light — (CH2O)* + H2O + 28 
Purple sulfur bacteria, Thiopedia rosea 
2€O2 + HeS + light — 2(CH2O) + H2SO, 
Nonsulfur purple and brown bacteria, Rhodopseudomonas palustris 
CO, + organic matter + light — (CH2O) + oxidized organic matter 
HETEROTROPHS 


Aerobes 


Nutrition: Multiply only in the presence of suitable organic matter; nutritional re- 
eta a may be simple or complex, two genera able to utilize nitrogen gas 
2 mat) . ~ wn . ; } ae. 
espiration: Aerobic oxidation of organic matter, generally to carbon dioxide and 
water. 
Respiratory enzymes: Similar to those of other plants and animals. Complete cvto- 
chrome system. | 


Ti f | (CH »O) p p 
»hotosynthesis n p 0 t f 
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Examples: Mycobacterium tuberculosis,+ Bacillus anthracis + 
Mycobacterium phlet, Bacillus subtilis, Acetobacter aceti 
Nitrogen fixers: Azotobacter chroococcum, Rhizobium leguminosarum 


Facultative Anaerobes 


Nutrition: Multiply only in the presence of suitable organic matter; nutritional re- 
quirements tend to be more complex than those of the strict aerobes. 

Respiration: Aerobic oxidation of organic matter, generally to carbon dioxide and 
water, or incomplete oxidation (fermentation) of carbohydrates or amino acids. 
Respiratory enzymes: May be as complete as those of the strict aerobes. Certain 
components of cytochrome system may be absent. Catalase may or may not be 

present. 


Examples: Salmonella paratyphi,t Diplococcus pneumoniae,t Erwinia amylovora,t 
Escherichia coli 


Anaerobes 


Nutrition: Multiply only in the presence of suitable organic matter; nutritional 
requirements generally more complex and more specific than those of the aerobes. 

Respiration: Anaerobic oxidation of organic matter with marked accumulation of 
waste products of carbohydrate or amino acid fermentation. 

Respiratory enzymes: Cytochrome system, catalase, and peroxidase absent. Dehy- 
drogenases more limited in number than in the aerobes. 

Examples: Clostridium tetani,t Clostridium sporogenes 


Most species of heterotrophic bacteria can lead an anaerobic existence, 
and it is therefore simpler to consider the heterotrophs as strict aerobes 
and as fermentative organisms on the basis of their most characteristic 
types of respiration. The two groups and the main types of fermentation 
can then be represented as: 


CHEMOHETEROTROPHS 


1. Bacteria with obligatory oxidative catabolism—strict 


REO AT ET aR irs ae less oh yuh Acetobacter acett 
2. Bacteria with fermentative powers 
m@ Production of. “mixed”? acids:..::...; s...0.4.54- _ Escherichia coli 
b. Production of 2,3-butylene glycol.............. Aerobacter aerogenes 
@ Alcohol. fermentation +... ...4.07 S242 sae se Clostridium botulinum 
d. Butyric acid fermentation, including the produc- 
tion of butyl alcohol and acetone............. Clostridium butylicum 
e. Propionic acid fermentation .................... Propionibacterium sherman 
71 Tanctia-acia fermentation: ..2. 2. 06 60h ies ao es Lactobacillus lactis 
g. Proteolytic fermentation (amino acid degrada- 
tion) a ai: Ayre Pee Se eee Clostridiwm lentoputrescens 
h. Miscellaneous reductions (COs, NO,, SO4)...... Micrococcus denitrificans 


Consideration of these main physiological groups will lead to a better 
understanding of the metabolic activities of bacteria. 


* Animal pathogens. 
t Plant pathogens. 
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Chemosynthetic Autotrophs. We have considered autotrophic bacteria 
in the strict sense of the term as those organisms which synthesize all 
their essential metabolites from inorganic sources, using energy from the 
oxidation of inorganic matter in the case of the chemosynthetic forms, 
from light in the photosynthetic bacteria, for the reduction of carbon 
dioxide. Carbon dioxide is the source of carbon, and in the case of the 
chemosynthetic forms only one inorganic substance or a closely related 
group of substances will serve as the fuel for the cell. However, to any 
broad statement made about the bacteria, there are generally one or 
more exceptions. Certain species of the hydrogen-oxidizing bacteria re- 
quire a trace of thiamin for growth in an otherwise inorganic medium, 
while the photoheterotrophic bacteria, which are primarily autotrophs, 
utilize organic matter as an ultimate source of hydrogen for the photo- 
synthetic reduction of carbon dioxide to cellular material. Also a limited 
number of species commonly considered as autotrophs ean grow in ordi- 
nary culture media and oxidize the organic matter as a source of energy. 

In the discussion to follow, let us consider the autotrophic bacteria as 
being those forms characterized by the ability to synthesize the bulk, 
probably more than 99 per cent, of their cellular carbon from carbon 
dioxide, remembering that certain of the bacteria so classified can also 
grow as heterotrophs. Many or all heterotrophs may be able to assimi- 
late carbon dioxide, but it is not their chief source of carbon. Nature in 
general does not have sharp lines of demarcation between groups of 
organisms or between various phenomena exhibited by the groups, while 
man in his thinking tries to establish definite boundaries as an aid in his 
study of natural phenomena. We must not allow more or less arbitrary 
attempts at strict classification and definition to interfere with the de- 
velopment of a broad understanding of the bacteria and other forms of 
life about which we still know very little. 

Discovery of the Autotrophs. As early as 1862 Pasteur suggested that 
the oxidation of ammonia to nitrates in the soil was the result of microbial 
action. In 1887 Schloesing and Muntz demonstrated the probable bio- 
logical production of nitrates from ammonia in sewage flowing through 
a long tube filled with sand and chalk. For a number of days the effluent 
eontained ammonia and no nitrates; then ammonia disappeared from the 
effluent and was replaced by nitrates. The oxidation of ammonia to 
nitrates (nitrification) was favored by aeration and by a slightly alka- 
line environment and stopped when a germicidal agent such as chloro- 
form vapor was passed through the tube. Nitrates again became evident 
in the effluent several days after garden soil was added to the tube. 
Nitrification stopped on heating the tube to 100°C. and was resumed 
within a few days after adding soil washings to the sewage flowing 
through the tube. These studies of Schloesing and Muntz strongly in- 
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dicated that microorganisms were responsible for the oxidation of ammo- 
nia to nitrates, since nitrification was blocked by chemical or physical 
agents inimical to life. They also observed that nitrites were present at 
times in the effluent and suggested that the oxidation took place in two 
steps, ammonia to nitrites and nitrites to nitrates. They were unable 
to demonstrate the oxidation of ammonia in pure cultures of bacteria, 
yeasts, or molds. 

In 1875 Cohn demonstrated that the refractile granules (Fig. 10-1) 
observed in Beggiatoa, a genus of soil and water bacteria, consisted of 
elementary sulfur, and he assumed (1) that the 
sulfur deposited in these bacteria was a partial 
oxidation product of hydrogen sulfide oxida- 
tion, and (2) that under certain conditions the 
reaction could be reversed, this intracellular 
sulfur being reduced to hydrogen sulfide by 
Beggiatoa. In 1887 Winogradsky quite con- 
clusively demonstrated that the sulfur granules 
arose from the oxidation of hydrogen sulfide 
by Beggiatoa and that these organisms did not 
elicit the reverse reaction, the reduction of Fic. 10-1. Beggiatoa alba. 
sulfur to sulfide. Furthermore in the absence (“rom Nowak, “Docu- 

: : ; menta Microbiologica,” 
of hydrogen sulfide the intracellular sulfur was) @ysiay Fischer, Jena, 
oxidized to sulfate. Hydrogen sulfide forma- — 1927.) 
tion occurred only when other species of bac- 
teria were present. Sulfur reappeared in the cells of Beggiatoa when 
hydrogen sulfide was supplied to the culture. Winogradsky concluded 
that the oxidation of sulfide to sulfur and of sulfur to sulfate supplied 
these bacteria with the energy required for growth as the oxidation of 
organic matter serves as the energy source for the more common bacte- 
ria. Shortly thereafter he concluded that the deposition of ferric hy- 
droxide by the iron bacteria in water containing ferrous salts was due 
to a comparable oxidation process. 

Verification of the concept of the synthesis of cellular matter from 
carbon dioxide with energy derived from the oxidation of inorganic mat- 
ter came around 1890 in Winogradsky’s studies on the nitrifying bacteria. 
He observed that organic matter was at times inhibitory to the growth 
of the sulfur bacteria, and he therefore attempted to cultivate the nitrate 
producers in as simple a medium as possible, using tartrates as the carbon 
source. Little or no oxidation of ammonia was observed when this solu- 
tion was inoculated with rich garden soil. When tartrates were omitted 
from the medium, nitrification was observed. On repeated transfer in 
the inorganic medium (potassium phosphate and carbonate, magnesium 
sulfate, ammonium chloride, and the impurities present in these salts), 
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he obtained a culture believed to be pure. No growth occurred when 
material was streaked from these cultures onto gelatin. He next tried 
streaking the organisms on his inorganic mediuin solidified by the addi- 
tion of silicic acid instead of gelatin or agar, and on this silica-gel me- 
dium he succeeded in isolating colonies of nitrifying bacteria. He was 
finally able to show that the oxidation took place in two steps, ammonia 
to nitrites and nitrites to nitrates, each step being the result of the cata- 
bolic activity of a different organism. Two genera, Nitrosomonas and 
Nitrosococcus, capable of oxidizing ammonia to nitrite and one genus, 
Nitrobacter, capable only of oxidizing nitrite to nitrate were recognized. 

General Nature of the Autotrophs. Winogradsky’s observations were 
soon confirmed by various workers, and the existence became established 
of autotrophic forms capable of growth in the dark in mineral media and 
deriving energy from the oxidation of sulfide, sulfur, thiosulfate, or 
analogous selenium compounds, or from the oxidation of ammonia, 





Fic. 10-2. (a) Species i idizi 
. (a) and (b) Species of ammonia-oxidizing bacteria (Nitrosomonas) and 


(c) and (d) nitrite oxidizers y 
; zers (Nitrobacter). (From Nowak, “D 
(d) , : Nowak, ; 2 : 
bwwlogica,” Gustav Fischer, Jena, 1927.) ee ee 
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nitrite, hydrogen, and possibly ferrous or manganous salts. The nutri- 
tion of these forms is analogous to that of the green plants with the 
exception that energy is derived from oxidation reactions rather than 
from light. Winogradsky attached much importance to the concept that 
organic matter was inimical to the growth of the autotrophic bacteria. 
More recent studies indicate that a low concentration of certain organic 
compounds may promote growth of many of the species of autotrophic 
bacteria and that facultative chemoautotrophs do exist. The essential 
point is that there are a number of bacteria capable of growth in the dark 
in a strictly inorganic medium with carbon dioxide as the main or only 
source of carbon, energy being obtained from the oxidation of specific 
types of inorganic matter. 

An autotroph of particular interest to biologists is Thiobacillus thio- 
oxidans, which utilizes the oxidation of sulfur to sulfuric acid as a source 
of energy, or 


Ss + 1440. + H20 ae H»SO,4 


Actually, attempts have been made to employ this organism for the pro- 
duction of sulfuric acid, but they have met with little or no success. 
This bacterium will not grow in a neutral solution; its pH optimum for 
growth is between 2 and 3.5, and it will grow in solutions having a pH 
below 1.0 with a sulfuric acid content greater than 5 per cent. Such a 
solution. would be toxie to most forms of life. Another point of interest 
with this and other sulfur bacteria is the mechanism of sulfur transport 
into the cell. Sulfur is insoluble in water, but it appears to be dissolved 
in fat or oil droplets at the surface of the cell and to enter the cell in 
solution in this oil. 

Other sulfur bacteria multiply in less acidie or in slightly alkaline solu- 
tions, and one species, Thiobacillus denitrificans, is able to develop 
anaerobically, sulfur or sulfide being oxidized at the expense of nitrates, 
which are reduced to nitrogen. Selenium compounds may be oxidized 
by some or all of the sulfur bacteria. The sulfur bacteria are of par- 
ticular importance in the soil, where they convert sulfide and sulfur into 
sulfate, which can be assimilated by the green plants and converted by 
the plants into the sulfur-containing organic compounds essential in 
both plant and mammalian nutrition. 

Autotrophie forms of the genus Hydrogenomonas can obtain energy for 
growth from the oxidation of gascous hydrogen, but most species of the 
bydrogen-oxidizing bacteria will also grow as heterotrophs. Certain iron- 
oxidizing bacteria have been considered to be autotrophs, oxidizing fer- 
rous carbonate, for example, to ferric hydroxide, or 


4FeCO, + 6H,O + O02 > 4Fe(OH)3 + 4CO2 
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Doubt exists as to the actual autotrophic nature of these bacteria, but 
ferrie hydroxide is deposited in sheaths surrounding these organisms, as 
mentioned in Chap. 7. The reason for this deposition of iron remains 
unknown. The iron-depositing bacteria are for the most part rather 
complex morphological forms or are associated with complex structures 
in comparison with the autotrophs and are very difficult to cultivate and 
to study in the laboratory. They may have been responsible for the 
deposition of considerable quantities of bog iron, e:g., in the Great Lakes 
area, At the present time they frequently cause considerable trouble in 
water distribution systems in which, by their deposition of iron-contain- 
ing material, they tend to clog the pipes, to discolor the water, and on 
decomposition to produce bad odors or tastes in the water. 

One misconception concerning the autotrophic bacteria is that they do 
not metabolize organic matter, their internal metabolism (as is also true 
for photosynthetic organisms) other than the primary reduction of car- 
bon dioxide being overlooked. Recent studies indicate that the auto- 
trophic bacteria contain enzyme systems, such as adenylic acid, cyto- 
chromes, and various dehydrogenases, involved in the utilization of 
organic matter in the heterotrophs. Carbon dioxide assimilation supplies 
organic matter within the cells, and the organic compounds so synthesized 
within the cell are then used in the various metabolic activities of the 
organism. It appears that these cells are not permeable to extraneous 
organic foodstuffs or for other reasons are unable to assimilate them. 
The utilization of organic matter formed within the cell also occurs in the 
photosynthetic bacteria and in the green plants. High-energy phosphate 
bonds appear to be the main mechanism for the transport of energy from 
the catabolic to the anabolic processes in the autotrophs as well as in the 
heterotrophs. These considerations indicate the remarkable unity of 
biochemical activity in nature. 

Photosynthetic Bacteria. Engelmann, in 1883, observed a marked 
phototactic response of certain reddish or purple pigmented bacteria, 
these organisms migrating to definite regions in the speetrum in a dis- 
tribution similar to that exhibited by motile green algae. From these 
and other observations he concluded that the purple bacteria were able 
to carry on a photosynthetic type of existence, although his proof of 
oxygen production during photosynthetic activity of these forms was far 
from convincing. The main evidence consisted of the observations that 
good growth took place only in the light under anaerobic conditions and 
that a chemotactic influence appeared to attract aerobic bacteria to 
clumps of the photosynthetie forms, i.e., to a region where oxygen was 
assumed to be present. 

Other photosynthetic forms were observed in ensuing years, but no 


satisfactory explanation of the photosynthetic behavior of these bacteria 
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Fic. 10-3. Photosynthetic bacteria: (a) and (b), Chromatium vinosum, showing sulfur 
granules; (c), C. okenw; and (d), a thiospirillum. (From Nowak, “Documenta Micro- 
biologica,” Gustav Fischer, Jena, 1927.) 


was advanced until 1930 when van Niel demonstrated that hydrogen 
sulfide rather than water appeared to supply the hydrogen needed for 
the photochemical reduction of carbon dioxide by the Thiorhodaceae. 
Sulfur, therefore, rather than oxygen, was an end product of photosyn- 
thesis of the photosynthetic sulfur bacteria. Sulfur in turn could serve 
as a reducing agent in the presence of light and the purple bacteria, being 
oxidized to sulfate with concomitant reduction of carbon dioxide to 
cellular material. These reactions were pictured as follows: 


or 


The formula (CH,O) simply represents the empirical composition of the 
product of photosynthesis. Since multiplication to any extent occurred 
only in the light and since only one mole of sulfate was produced for 
every two moles of carbon dioxide assimilated, van Niel concluded that 
this was a photosynthetic assimilation of carbon, an equivalent amount 
of carbon assimilation in the case of the chemosynthetic sulfur auto- 
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trophs requiring the oxidation of forty or more moles of sulfur to sulfate 
to supply the necessary energy. He demonstrated a similar type of 
photosynthetic activity in the green sulfur bacteria, with the exception 
that sulfide was oxidized only to sulfur, which was deposited extracellu- 
larly. Muller, in 1933, demonstrated an analogous type of photosyn- 
thetic reaction in the nonsulfur purple and brown heterotrophic bacteria, 
the organic matter serving as a source of hydrogen for the photochemical 
reduction of carbon dioxide to cellular material, or 


CO, + organic matter + light — (CHO) + oxidized organic matter 


In these bacteria, while they do require the presence of organic matter 
for growth, the carbon assimilated comes from carbon dioxide itself, and 
actually these organisms are primarily autotrophic in their existence. 
These forms, the Athiorhodaceae, are also capable of growth in the 
absence of organic matter and in the presence of molecular hydrogen, 
according to the equation 


CO, + 2H». + light — (CH20) + H20 


This is further evidence of the essentially autotrophic nature of this 
eroup of bacteria. Actually (see Chap. 8) carbon dioxide is reduced by 
hydrogen from the photolytie splitting of water, the photosynthetic bac- 
teria reducing the hydroxy! radicals with hydrogen obtained from sulfur 
compounds, from organic matter, or from gaseous hydrogen, depending 
on the species involved. 

The photosynthetic pigments of the photosynthetic bacteria are related 
to the chlorophyll of the green plants, but there are essential differences 
between the bacterial chlorophylls and those of the green plant. These 
differences are partially reflected in the fact that reducing agents other 
than water are employed in photosynthesis and that oxygen is not an end 
product of the reaction. As far as is known, the enzyme systems of these 
organisms are similar to those of other bacteria and of the green plants. 

Luminous Bacteria. There are a number of bacteria characterized by 
the fact that their growth on fish or on decaying organic matter is accom- 
panied by the liberation of hight. This is frequently the cause of phos- 
phorescence observed in swamps or in schools of fish in the ocean. This 
phenomenon of luminescence is not related to photosynthesis but is of 
interest in that light is emitted during the respiration of these organisms 
(under aerobic conditions) rather than being absorbed as in photosynthe- 
sis. The luminous bacteria emit part of their waste energy as heat, 
another part as light, which is produced in oxidations through the 
lucifern-luciferase enzyme system rather than through the cytochromes. 
Certain chemical reactions not involving enzyme systems 
a portion of the energy of reaction as light rather than as 


also liberate 
heat energy. 
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Fic. 10-4. Luminous bacteria on a fish and colonies of luminous bacteria photographed 
by their own light. (Courtesy of A. Giese.) 


Chemosynthetic Heterotrophic Aerobes. The autotrophic bacteria 
capable of multiplying not only in an inorganic medium but also under 
heterotrophic conditions constitute a group intermediate between the 
strict autotrophs and the obligate heterotrophs. At least two species of 
bacteria are known which will grow primarily as autotrophs, but they do 
require at least one simple compound of -arbon for the provision of 
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energy by oxidation if growth is to occur. One, comparable to the 
hydrogen-oxidizing bacteria, oxidizes carbon monoxide; the other oxidizes 
methane: 


CO + 402 — CO 
CH, + 202 ee COs = 2H2O 


and utilizing the energy so derived, they apparently convert carbon 
dioxide to cellular matter in a manner analogous to the autotrophs. 
The carbon monoxide-oxidizing organism is an oddity amongst the bac- 
teria since it is able to use as fuel a substance toxic to most forms of 
life. The methane-oxidizing bacterium, Methanomonas methanica, is 
found in the soil, where it probably oxidizes methane formed in anaerobic 
fermentation in the lower layers of the soil. 

The acetic acid bacteria are quite typical of the aerobes with the ex- 
ception that they do not oxidize all of their substrate to completion. 
Acetobacter aceti is representative of this group of bacteria and is com- 
monly associated with vinegar production, oxidizing a portion of the 
ethyl aleohol in wines or cider only as far as acetic acid, which accu- 
mulates in the medium. Acetobacter xylinum is of interest in that the 
capsule produced by this organism contains a considerable amount of 
cellulose identical with cotton cellulose in X-ray pattern. (The molds 
in general also appear to carry out a partial oxidation of a portion of 
their foodstuffs, as is evidenced by the accumulation of a variety of or- 
ganic acids and other compounds in the medium which originally eon- 
tained only one organic substrate such as glucose.) The free-living, 
nitrogen-fixing bacteria, the genus Azotobacter, are obligate aerobes and 

have been reported to exhibit the 
highest rate of metabolism of any 
h- ex > organism, Qo,’s (eubie millime- 


ters of oxygen consumed per mil- 


3 ligram dry weight of cells per 
hour) as high as 3,000 having 
\ been reported as compared with 
=" WV values of 50 to 300 for most species 
g ’ et of bacteria and of 2 to 10 for var- 
“a . ~ 


ious Mammalhan cells. A number 

t of the true bacilli are primarily 

acrobes, a typical example being 

Bacillus brevis, which is employed 

Fic. 10-5. Bacillus brevis. for the production of the antibi- 

oties gramicidin and tyrothricin. 

Chemosynthetic Heterotrophic Anaerobes. The majority of bacteria 
grow most readily under aerobic conditions, but many species are also 
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able to multiply either under low oxygen tensions or in the complete 
absence of gaseous oxygen. These facultative anaerobes, as a result of 
their ability to multiply under widely diverse conditions of oxygen 
supply, are found widely dispersed in nature, growing most luxuriantly 
under aerobic conditions but also multiplying when oxygen is deficient. 
The strict anaerobes are more limited than the facultative anaerobes, 
both in numbers and in their ability to adapt themselves to different 
conditions. These two groups will be considered together, however, since 
the types of fermentations (see page 207) carried out can be common 
to both groups. Also the type of fermentation elicited by a facultative 
anaerobe is more characteristic of the species than its behavior under 
aerobie conditions. While the production of acetic acid by the acetic 
acid bacteria (Acetobacter) is spoken of as acetie acid fermentation, it 
is a fermentation only in the broadest sense of the term, in that the 
oxidation of the foodstuff is incomplete and organic wastes accumulate 
in the medium. Oxygen, however, is consumed during the production of 
the acetic acid. The fermentations to be considered here are those which 
take place without concomitant oxygen consumption. 

The products of bacterial fermentations are numerous and varied and 
depend on the nature of the organism, the pH at which the fermentation 
is carried out, and upon the nature of the foodstuff—carbohydrate, pro- 
tein, or fat. The more common products of fermentation can be listed 
as follows: 





Hydrogen, He Succinie acid, CH2-COOH 
CH2eCOOH 
Carbon dioxide, COe Ethyl aleohol, CH3-CH2OH 
Methane, CH, Propy] aleohol, CH3-CH2-CH2-OH 
Formic acid, HCOOH Isopropy! alcohol, CH; 
CHOH 
CH; 
Acetic acid, CH3-COOH Acetone, CH3 
CO 

CH3 
Propionic acid, CH3-CH2-COOH Buty] alcohol, CH3-(CH»2)-CH2OH 
sutyric acid, CH3-(CH2)2-COOH Acetylmethylearbinol, CH3-CO-CHOH-CH3 
Pyruvie acid, CH3z-CO-COOH Amines and other amino acid residues, e.g., 
Lactic acid, CH3-CHOH -COOH CH3N He (methylamine) 


Needless to say that not all of these substances are formed during a 
fermentation carried out by a particular species, but the actual number 
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may range from one to eight or ten end products, most or all of which 
may arise from pyruvic acid formed during the course of dissimilation of 
the foodstuff. 

Alcoholic Fermentation. The production of ethyl alcohol and carbon 
dioxide as a result of the fermentative ability, i.e., the enzymes, possessed 
by baker’s or brewer’s yeast was considered in the preceding chapter. 
A number of bacteria produce small amounts of ethyl alcohol during the 
fermentation of glucose or other sugars, at times by a pathway appar- 
ently different from that in yeast. A smaller number of bacteria, includ- 
ing Clostridium botulinum, Pseudomonas lindneri, and Sarcina ventricult, 
ferment carbohydrates with the production of relatively large amounts 
of ethyl aleohol and carbon dioxide together with smaller amounts of 
organic acids. C. botulinum, for example, ferments glucose with the 
production of more than one mole each of alcohol and carbon dioxide, 
approximately one-third of a mole of lactic acid, and two-thirds of a mole 
of a mixture of acetic and butyric acids per mole of glucose utilized. 
The pathway of this fermentation has not been elucidated. Pseudomonas 
lindneri carries out a fermentation that appears to resemble alcoholic 
fermentation by yeast. This species is employed in the preparation of 
pulque, a fermented beverage derived from the juice of the Agave plant. 

Lactic Acid Fermentation. Many bacteria, including the streptococci, 
the pneumococci, and the lactic acid bacteria, produce considerable 
quantities of lactic acid from glucose or other sugars. The lactie acid- 
producing bacteria are generally divided into two groups, the homo- 
fermentative and the heterofermentative. The former group, repre- 
sented by the lactic acid bacteria of milk such as Streptococcus lactis 
and Lactobacillus bulgaricus, produce lactic acid only during the fer- 
mentation of sugars. The heterofermentative lactic acid bacteria, on the 
other hand, form appreciable amounts of carbon dioxide, ethyl aleohol, 
acetic acid, and glycerol together with large quantities of lactie acid. 
Lactic acid exists in two optical forms (mirror images), and some lactic 
acid bacteria produce the dextrorotatory, others the levorotatory isomer, 
and still other species produce a mixture of the two isomers. This is 
another example of the specificities exhibited by the bacteria through 
their enzyme systems. Lactic acid bacteria are employed for the indus- 
trial production of lactic acid, over five thousand tons being produced 
annually in the United States. 

The initial stages of lactie acid production by homofermentative bac- 
teria appear to be identical with those of alcoholic fermentation up to 
pyruvie acid. These homofermentative bacteria do not possess the 
enzyme carboxylase and hence are unable to split carbon dioxide from 
the molecule of pyruvie acid as is done by yeast. Instead the pyruvic 
acid is reduced to lactic acid. The true lactic acid fermentation can be 
summarized as follows: 


METABOLIC GROUPS OF BACTERIA 219 


HOMOFERMENTATIVE Lactic AcID FERMENTATION 
(END Propuct UNDERSCORED) 


Glucose 
f phosphorylation, splitting 
Glyceraldehyde phosphate 
| oxidation by DPN 
Phosphoglyceric acid and reduced coenzyme 
2H 
Pyruvie acid— 







Lactic acid 


The heterofermentative lactic acid bacteria possess additional enzymes, 
not present in the homofermentative species, capable of utilizing pyruvate 
in fermentations other than its reduction to lactic acid. Also they may 
dissimilate glucose via the pentose route. Some species possess a car- 
boxylase by means of which some of the pyruvic acid is decarboxylated 
to give acetaldehyde and carbon dioxide. Other enzymes are involved in. 
the utilization of the acetaldehyde, one-half of the acetaldehyde mole- 
cules being oxidized to acetic acid, the other half reduced to ethyl! alcohol. 
Acetic acid and alcohol, therefore, accumulate in the medium since they 
eannot be further decomposed under anaerobic conditions and are typical 
end products, along with carbon dioxide and lactic acid, of the hetero- 
fermentafive fermentation. This can be represented as follows: 


HeETEROFERMENTATIVE Lactic AcID FERMENTATION OF GLUCOSE 
(ENp Propucts UNDERSCORED) 
Pyruvie acid + DPNH + Ht — lactic acid + DPNTt 
or by decarboxylation 
Acetaldehyde + carbon dioxide 


intermolecular 
oxidation-reduction 


Acetic acid + ethyl alcohol 





Small amounts of glycerol are generally formed during heterofermen- 
tative fermentation, the glycerol arising from the reduction of dihydroxy- 
acetone phosphate as also occurs in alcoholic fermentation. It should be 
emphasized here that these various reaction schemes are presented not as 
material to be memorized by the general student but simply to indicate 
that the various products of the different bacterial fermentations arise as 
a result of deviations from the main line of fermentation. These devia- 
tions are due to differences in the enzymatic pattern or content of the 
different bacterial species. Why different species vary so in their enzyme 
content is not readily explainable on the basis of evolutionary develop- 
ment since, for example, there is no apparent advantage in carrying out 


the heterofermentative as contrasted with a homofermentative type of 
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lactic acid fermentation. On the other hand, man can be thankful for 
the heterofermentative types of fermentation since they frequently result 
in the production of substances adding a more delightful odor or taste 
to milk products such as butter and cheese than would be imparted by 
a straight lactic acid type of fermentation. Other fermentations to be 
discussed in the following pages further illustrate the enzymic complex- 
ity of bacteria and the variation in pattern between different species, 
‘ariations which are taken into account both in applied bacteriology and 
in the classification of bacteria. It is important to know not only that 
different types of fermentation occur but also that they reflect different 
pathways of anaerobic respiration in the different species, pathways 
which are illustrated by highly simplified schemes of fermentation pre- 
sented to illustrate the discussion. 

Propionic Acid Fermentation. The Propionibacter, or propionic acid 
bacteria, are commonly found in hard cheeses of the Swiss and Emmen- 
taler types, to which they impart characteristic flavors and the “eyes” 
or gas pockets in these cheeses. They characteristically ferment sugars 
with the production of both propionic and acetic acids and carbon di- 
oxide, together with smaller amounts of succinic acid. An analogous type 
of fermentation is carried out by Corynebactertum diphtheriae. A com- 
pletely satisfactory explanation of the fermentation has not been worked 
out, but it appears that the various end products arise from pyruvic acid 
formed as in other fermentations. It is possible that two moles of pyruvic 
acid may react with each other, one mole being reduced to lactie acid 
while the other mole is decarboxylated with the formation of carbon 
dioxide and acetaldehyde, the latter acting as the reducing agent for the 
formation of laetie acid and as a result being oxidized to acetie acid. 
Lactic acid in turn could be reduced to propionic acid. These bacteria 
are also able to fix carbon dioxide with pyruvie acid, thus giving rise to 
a 4-carbon compound which can be converted to suecinie acid. Actually, 
most or all of the propionic acid may arise from the decarboxylation of 
succinic acid, evidence for which has been obtained with the aid of heavy 
carbon or of radioactive carbon as a tracer. The following scheme illus- 
trates possible pathways for the propionic acid fermentation: 


Propionic Acip Type oF GLUCOSE FERMENTATION 
(END Propucts UNDERSCORED) 


Glucose 


via phosphorylation 
and triose esters 


Pyruvie acid + CO g — succinic acid 
decarboxylative oxidation | | reduction —CO2 


l 


Carbon dioxide acetic acid lactic acid _, propionie acid 
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Butyric Acid Fermentation. This type of fermentation is of consid- 
erable practical interest since it was employed during the First World 
War as a source of acetone and in more recent years in the industrial 
production of butyl alcohol, over 80,000 tons being produced annually 
in the United States. Formerly corn meal was employed as the substrate 
for the fermentation, the butyric acid clostridia employed for the fer- 
mentation possessing enzymes capable of hydrolyzing starch to sugar. 
New strains have been isolated which utilize the sugar in crude molasses 
more readily than corn meal, and they are being employed to a consider- 
able extent at the present time. This fermentation is even more complex 
than the ones previously considered since a greater variety of end. prod- 
ucts is produced. Strains of Clostridium acetobutylicum give rise to the 
production of various amounts of acetic and butyric acids, ethyl and 
butyl alcohols, acetone, hydrogen, and carbon dioxide. The closely re- 
lated species (or possibly strain), C. butylicwm, forms the same end 
products with the exception that most of the acetone is reduced with the 
formation of isopropyl alcohol. Environmental factors markedly in- 
fluence the course of this type of fermentation, this being particularly 
well illustrated in studies by Davies and Stephenson (see Fig. 10-6) on 
the influence of hydrogen-ion concentration of the medium and of the ac- 
cumulation of acetic acid in particular on the course of the fermentation. 





Glucose ee 


Coe, 


77 Butyl ale. 


MGM/ML. 


16 oc 48 64 
Hours 


nd products of fermentation by Clostridium aceto- 


"1G ‘hanges in pH and in e . 
ee ead Stephenson, Biochemical Journal, 


butylicum in a glucose medium. {From Davies and 
36, 1323 (1941).] 


222 INTRODUCTION TO THE BACTERIA 


It is apparent that acetic and butyric acids accumulate in the medium 
during the early stages of growth and that they decrease in amounts 
with time concurrently with the accumulation of butyl alcohol and ace- 
tone, the former being produced by reduction of butyric acid, the latter 
from acetic acid. The studies of the above and other workers suggest 
that the reduction of the acid to the aleohol is favored at a pH near 4.5. 
On the other hand, studies with radioactive carbon as a tracer indicate 
that acetone and butyl] aleohol may both arise from a condensation of 
acetic acid to give acetoacetic acid, which can be decarboxylated to 
yield acetone or be reduced to butyl alcohol, possibly via butyric acid. 
There. is some evidence to indicate that glucose is phosphorylated and 
fermented, as in yeast, to the pyruvic acid stage and that pyruvate phos- 
phate is then split with the formation of acetyl phosphate, carbon di- 
oxide, and hydrogen. The various end products could arise from acetyl 
phosphate as suggested in the following tentative scheme: 


Buryric Acip-ButyL ALCOHOL—ACETONE TYPE OF 
GLUCOSE FERMENTATION 
(Enp Propucts UNDERSCORED) 


Glucose 


via phosphorylation 
and triose esters 


Phosphopyruvie acid 





i —hydrogen 
Acetyl phosphate formic acid— 
1 reduction ; — carbon dioxide 
ethyl aleohol )— isopropyl alcohol 
condensation ip ee Pee A a a r= 
reduction 
—acetone + carbon dioxide 


Acetoacetic acid— 





—butyric acid 
| reduction 


Buty! alcohol 


Mixed Acids and 2,3-Butylene Glycol Fermentations. The fermenta- 
tion of glucose by the coli-aerogenes-typhoid, or enteric, group of bac- 
teria has been worked out in considerable detail, since this group contains 
many of the more common bacteria, both saprophytic and pathogenic 
species. The coli type of fermentation is characterized by the produe- 
tion of considerable quantities of organic acids together with hydrogen 
and carbon dioxide; the aerogenes type by the production of ‘smaller 
quantities of organic acids and the formation of acetylmethylearbinol 
and its reduction product 2,3-butylene glycol; and the typhoid-dysentery 
type by fermentations similar to the above types with the exception that 
gas is not produced during the fermentation, the appropriate enzymes 
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being absent in these species. The end products of the fermentation of 
glucose by representative species of the enteric bacteria and the relative 
amounts of each product are presented in Table 10-1. 


TaBLe 10-1. PERCENTAGE OF CARBON IN END Propucts OF THE FERMENTATION 
OF GLUCOSE * 


Organism 





Products a 


Coli Aerogenes | Typhoid | Dysentery 





2,3-Butylene glycol...... ae 32.4 

Succinic acid........... 20.6 4.4 6.6 7.4 
PaeIG ACOs. s ou ek ace 42.4 5.0 60.8 68.4 
OGURA issih. os 5 os 14.3 3.3 8.6 7.6 
Ethy] alcohol........... 14.3 ip feari $75 fe-d0 
ORIDIG ACI 7. esse ont ele ah 0.4 3.2 6.6 Hl 
@arbon dioxide.........: Te 24.0 

Hydrogen (molar basis)..| = CO = 144CO2 


a ne EEE EEEEEESSEEEREEE? 


* From doctoral dissertation by M. A. Scheffer, Delft, 1928. 


Coli-Salmonella Type of Fermentation. The preliminary stages of this 
type of fermentation appear to follow the pathway of alcoholic fermen- 
tation by yeast up to the formation of the triose phosphates. Pyruvic 
acid carboxylase is absent from members of the coli-typhoid-dysentery 
group of bacteria, and therefore pyruvic acid will not be decarboxylated 
with the formation of acetaldehyde. Instead pyruvic acid is split with 
the formation of acetic and formic acids, the latter being decomposed 
by the gas-producing enteric bacteria into hydrogen and carbon dioxide 
under the influence of the enzyme formic hydrogenlyase. Recent studies 
indicate that pyruvic acid is phosphorolytieally split with the formation 
of acetyl phosphate and formate, the acetyl phosphate being converted 
into acetic acid by loss of phosphate to the adenylie acid system, with 
the formation of a high-energy phosphate bond which can be utilized in 
energy-requiring reactions. The over-all reactions involved in the utili- 
zation of the pyruvic acid formed in the normal manner from glucose can 


be represented as 
Pyruvic acid + phosphoric acid — acetyl phosphate + formic acid 
Acetyl phosphate + adenosine diphosphate — 


acetic acid + adenosine triphosphate 


Formic acid — hydrogen + carbon dioxide 
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Escherichia coli (see Table 10-1) converts approximately 50 per cent 
of the fermented sugar into lactic acid by way of pyEnTe acid. This 
suggests that pyruvic acid by itself should be fermented with the forma- 
tion of lactic acid, but instead pyruvate is fermented as illustrated in 
the above scheme. This well illustrates both the complexity and the 
coordination of chemical events in the living cell. Hydrogen is necessary 
for the reduction of pyruvic acid to lactie acid, and this hydrogen comes 
from the reduced coenzyme (DPNH) formed in the oxidation of phos- 
phoglyceraldehyde to phosphoglycerie acid during the course of glucose 
fermentation. When this source of hydrogen is not available, respira- 
tion follows a different pathway of pyruvate utilization. Since the re- 
duced coenzyme is also utilized in other reactions catalyzed by BE. colt, 
only a portion of the pyruvate formed from glucose terminates as lactic 
acid, the remainder being utilized as indicated in the preceding equations. 

In the previous chapter it was pointed out that yeasts produce some 
glycerol during the course of alcoholic fermentation, the glycerol arising 
from the reduction of dihydroxyacetone in a shunt reaction analogous 
to the above alternate pathways of respiration. Dihydroxyacetone phos- 
phate is also formed during the course of the coli fermentation, is reduced 
to a-glycerophosphate, and the latter is split with the formation of ethyl 
alcohol and formic acid rather than being converted into glycerol. Note 
that in this fermentation, ethyl alcohol arises from a source other than 
that in the yeast fermentation. Pyruvie acid and dihydroxyacetone com- 
pete for hydrogen from DPNH. The relative amounts of ethyl alcohol 
and of lactic acid produced in the fermentation mixture depend, therefore, 
to some extent upon the pH at which the fermentation is carried out, since 
the pH influences the rates of reduction of pyruvate and of dihydroxy- 
acetone phosphate. This again illustrates the influence of environmental 
factors on microbic activities. These examples are cited not as important 
facts to be memorized but as examples of the adaptability of bacteria to 
changes in their environment. 

For many years it was believed that succinic acid might arise from 
a 4-carbon compound formed as a result of the splitting of a portion of 
the glucose fermented into a 4- and a 2-carbon compound rather than 
entirely into 3-carbon compounds. Elsden in 1937 showed that succinate 
can be formed from pyruvate and that the amounts formed increased 
as the carbon dioxide concentration in the environment was increased. 
Shortly thereafter Wood and Werkman demonstrated an actual uptake 
of carbon dioxide during the fermentation of pyruvate by E. coli. This 
was done with the aid of the heavy isotope of carbon (molecul 
of 13) incorporated as a tracer in carbon dioxide. 
that the heavy carbon appe 
according to the equation 


ar weight 
They demonstrated 
ared in a carboxyl group of suceinie acid 
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C*O, + CH3:CO-COOH => C*OOH-CH»2:-CH,-COOH 


in which C* represents heavy carbon. They have also demonstrated that 
succinic acid can be formed as the result of a dehydrogenation and con- 
densation of acetic acid according to the equation 


2CH3:COOH — COOH-CH2-CH2-COOH + 2H 


These studies indicate that a four-two carbon split of the glucose mole- 
cule as earlier postulated is not essential for the formation of succinic 
acid. 

The various intermediate reactions in the fermentation have not been 
considered in this discussion, and it is known that in most cases a number 
of reactions and enzyme systems are involved; e.g., succinate could be 
formed from pyruvate and carbon dioxide via oxalacetic, malic, and 
fumaric acids. Stepwise utilization gives the cells greater control of 
the reactions involved. For our purpose only a generalized scheme of 
the fermentation reactions is necessary, and the formation of the various 
end products of glucose fermentation by HZ. coli and many of the salmo- 
nellae can be depicted as follows: 


CoLI-SALMONELLA TYPE OF GLUCOSE FERMENTATION 
(Main Enp Propucts UNDERSCORED) 


Glucose 
ii phosphorylation 


Hexose diphosphate 
| 








l | 
Dihydroxyacetone phosphate glyceraldehyde phosphate 
2H via DPNH 
a-Glycerophosphate raul a eed acid 
<—— pyruvic acid —— ae 
reduction phosphorolytic = 
split 
lactic acid succinic acid 
’ l ae ee nae 
Ethyl] alcohol formic acid formic acid acetic acid 
| 
Hydrogen carbon dioxide 


This scheme indicates that hydrogen and carbon dioxide are produced 
in equal amounts. The experimentally determined ratio frequently 
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differs from unity since some of the carbon dioxide may be utilized in 
the formation of succinic acid. Also some of the hydrogen gas may be 
utilized, with the aid of the enzyme hydrogenase, in the reduction of 
intermediates formed during the fermentation of glucose. A ratio of 
approximately 1.0 is characteristic of the coli fermentation, while a ratio 
of approximately two parts of carbon dioxide to one of hydrogen is char- 
acteristic of the aerogenes fermentation, in which there are two sources 
of carbon dioxide. This difference is one of the tests employed in differ- 
entiating between Escherichia coli and Aerobacter aerogenes. The above 
scheme of fermentation also indicates that many of the end products of 
the coli-salmonella fermentation are acidic in character. Actually suf- 
ficient acids accumulate in cultures of E. coli to develop the red, acid 
color (pH of 4.5 or less) of methyl red, the pH indicator incorporated in 
or added to glucose broth cultures for the test. As we shall see, less acid 
is produced in cultures of A. aerogenes, and therefore the methyl red test 
is negative; ie., not enough acid is produced to develop the red color 
with this organism. Fermentations carried out by many of the salmo- 
nellae are similar to the coli fermentation, a differential characteristic 
being that lactose is generally not fermented by species of the genus 
Salmonella. 

Typhoid-Dysentery Fermentation. Typical results for the fermenta- 
tion of glucose by typhoid and dysentery bacteria as presented in Table 
10-1 indicate that the end products are similar to those of the coli fer- 
mentation with the exception that more lactic acid is produced and that 
formic acid is not converted into hydrogen and carbon dioxide. Formic 
hydrogenlyase is not formed by these bacteria. The absence of gas 
formation serves to differentiate these bacteria from the coli-aerogenes- 
salmonella fermentation group. The typhoid bacterium, Salmonella 
typhosa, because of these biochemical differences, was formerly placed 
in a separate genus, Eberthella. Other characteristics (primarily an- 
tigenic, see Chap. 23) of this organism are so closely related to those 
of Salmonella that it was placed in this genus in the sixth edition of 
“Bergey’s Manual of Determinative Bacteriology.” The intermediate 
stages of fermentation are probably common to all the enteric bacteria. 

Aerogenes Fermentation. The aerogenes type of fermentation is simi- 
lar to the coli type with the exception of greater production of carbon 
dioxide, lesser acid formation, and the production of acetylmethylearbinol 
(acetoin) or its reduction product 2,3-butylene glycol, in glucose-broth 
cultures of A. aerogenes. The formation of acetylmethylearbinol is de- 
tected in the laboratory by means of the Voges-Proskauer (VP) test or 
some modification thereof. In this test, diacetyl, CH3;:CO-CO-CHsg, is 
produced under strongly alkaline conditions by atmospheric oxidation of 
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acetylmethylearbinol. The diacetyl] then reacts with creatinine to give 
a pink color, a positive VP test. 

Glucose is fermented by A. aerogenes and related species primarily 
via pyruvic acid, which in turn can be further dissimilated by either a 
phosphorolytie split to give acetyl phosphate and formic acid or by de- 
carboxylation and condensation of two molecules to form acetylmethyl- 
earbinol. The latter reaction occurs at an appreciable rate only after 
the medium has become somewhat acidic owing both to the former re- 
action and to the production of lactic acid by pyruvate reduction. Since 
a considerable portion of the glucose fermented is converted into acetyl- 
methylearbinol, it is apparent that less acid will accumulate than in 
cultures of EZ. coli, and hence the methyl red (MR) test is negative. It 
should be emphasized that a negative MR test does not indicate that 
acid is not produced, it indicates only that sufficient acid to develop the 
red color of the indicator is not produced. When the culture is allowed 
to stand for several days, acetylmethylearbinol is reduced under an- 
aerobic conditions to yield 2,3-butylene glycol, while it is oxidized to 
diacetyl if aerobic conditions develop. These substances, and in particu- 
lar diacetyl, are responsible to a considerable extent for the characteristic 
aroma of butter. 

Small amounts of succinic acid are generally produced in the aerogenes 
type of fermentation and also considerable quantities of ethyl alcohol, 
the latter apparently arising from a-glycerophosphate. These substances 
are probably formed in the same manner as in the coli fermentation. 


AEROGENES TYPE OF GLUCOSE FERMENTATION 
(Main Enp Propucts UNDERSCORED) 


Glucose 
phosphorylation 


Hexose diphosphate 














| { 
Dihydroxyacetone phosphate = glyceraldehyde phosphate 
2H via DPNH Pah 
reduction oxidation 
cept phosphoglyceric acid 
| <——— pyruvic acid 
Ethyl alcohol formic acid reduction phosphorolytic , : Pearse 
ase a split condensation, Seatior 
decarboxy- 
lation 





Carbon dioxide hydrogen ‘ a ; 
T 7 Lactic acid formic acid acetic acid | succinic acid 
‘Mal 6tee — : acetolactate 





Acetylmethylearbinol carbon dioxide 
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Hydrogen arises only from the decomposition of formie acid while carbon 
dioxide comes both from this source and also from the decarboxylation 
of pyruvic acid in the course of acetylmethylearbinol formation. A 
veneral understanding of these different pathways of fermentation is of 
considerable help in the interpretation of the common laboratory tests 
for the biochemical differentiation of these closely related, gram-negative 
enteric bacteria. A scheme to illustrate the main course of the aero- 
genes type of fermentation is presented on page 227. 

Miscellaneous Reductions. In the fermentations considered in the 
preceding pages organic compounds were the final hydrogen acceptors 
in the oxidations occurring during dissimilation. Inorganic compounds 
may also act as hydrogen acceptors in anaerobic respiration, and reduced 
inorganie matter accumulates in the culture medium. The most common 
example is that of nitrate reduction in broth cultures, a reaction which has 
long been employed in the laboratory as one of the more common bio- 
chemical differentiation tests. Some bacteria reduce nitrates only as far 
as nitrites; others carry the reduction to ammonia, while still others re- 
duce nitrates to nitrous oxide and molecular nitrogen. This latter re- 
action, commonly spoken of as denitrification, is encountered at times 
in waterlogged soils and results in a decrease in soil fertility. 

Sulfate reduction is commonly associated with species of the genus 
Desulfovibrio, which oxidize organie matter under anaerobic conditions 
with sulfate as the oxidizing agent, the sulfate being reduced to sulfide 
in the reaction. Carbonate reduction is of somewhat more general occur- 





Fig. 10-7. Neg: ‘lv stained pr 
10-7. Negatively stained preparation ot a sultate-reducing bacterium, Clostridium 


nigrificans (formerly designated as Sporovibri 
; ‘ t as Sporovibrio desulfuricans ‘ourtes 
Polder f ans). (Courtesy of R. L. 
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rence than sulfate reduction, being carried out by a variety of bacterial 
species wherever organi¢e matter is being dissimilated under natural con- 
ditions and in the absence of air, Carbon dioxide acts as the final hy- 
drogen acceptor in this type of anaerobic respiration and is reduced to 
methane (CH,), the chief constituent of the marsh gas which is fre- 
quently noted arising from the mud at the bottom of marshes and ponds. 
It is produced in considerable quantities in sludge-digestion tanks in 
sewage-disposal systems. 

Proteolytic Fermentation. The degradations of proteins, frequently 
called the putrefactive reactions, are in their essential characteristics 
analogous to the degradations of carbohydrates which we have been 
considering. Protein molecules are too large to enter the cell directly, 
and extracellular enzymes are required to hydrolyze them to smaller, 
assimilable molecules. The power to hydrolyze native proteins is re- 
stricted to a few species of bacteria, amongst which we find Clostridium 
histolyticum and C’. sporogenes, various species of Proteus, Pseudomonas, 
Bacillus, and Streptococcus, and other widely scattered species of bacteria. 
Hydrolysis products of protein degradation, particularly the peptones, 
are utilized much more readily, and peptones are widely employed as 
constituents of culture media. This group of substances apparently 
undergoes intracellular hydrolysis into the constituent amino acids, and 
the latter substances undergo various types of fermentation depending 
on the hydrogen-ion concentration of the medium, the nature of the 
amino acid, and the nature of the battery of enzymes possessed by the 
species. 

The amino acid molecule, which can be represented by the general 
formula R-CHNH,:-COOH, can be fermented in a variety of ways: de- 
amination (removal of the NH. group) with the formation of an aeid, 
decarboxylation with the formation of an amine, a splitting of the amino 
acid molecule, or a combination of two or all three of the above main 
types. Deamination may be accomplished in a number of ways, and nine 
main pathways of amino acid degradation have been recognized. These 
can be illustrated as follows: 

1. Deearboxylation to give an amine: 


CH2zNH2:COOH — CH3NH2 + COs 


Glycine Methylamine 


The amines are rather foul-smeltiing compounds and are produced by 
a variety of organisms under anaerobic conditions. Some of the higher 
amines, termed ptomaines, were once thought to be responsible for the 
symptoms of food poisoning but are now known to be relatively non- 
toxic when taken by way of the mouth. A typical ptomaine, putrescine, 
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can be formed by deamination of ornithine carried out by Pseudomonas 
fluorescens, Escherichia coli, and a variety of other bacteria. The equa- 


tion for the reaction is 


CH,-CHy-CHy:CH-COOH CH2-CH2-CH2:CH2 
| | — | {| + CO, 
NH, NH, NH» NH, 


Ornithine Putrescine 
2. Hydrolytic deamination to give a hydroxy acid: 


CH»-CHNH2-COOH Ce aeadae 
| 


ah + NH3 


bu OH 


Tyrosine p-Hydroxyphenyllactic acid 


Proteus vulgaris deaminates tyrosine with the production of the dextro- 
rotatory form of the substituted lactic acid, while Bacillus subtilis and 
Escherichia coli ferment the l-form of the amino acid, giving rise to the 
l-isomer of the product. No adequate explanation has ever been advanced 
for the formation by one species of bacteria of an enzyme utilizing one 
optical isomer while another species can use only the other isomer. This 
holds true for all optically active foodstuff molecules. 

3. Hydrolytic deamination and decarboxylation (2 and 1) to give an 
alcohol. This type of reaction is well. illustrated by the formation of 
fusel oil (higher aleohols) during the course of the aleoholie fermentation 
of grains, certain of the amino acids present being converted into alcohols 
with one less carbon atom than the amino acid; e.g., 


CHg 
CH-CH2g:CHNH,:COOH — 
CH3 
CHzs 
CH-CH2-CH,0H + NH; + CO, 
CH3 
Leucine Isoamy! aleohol 


4. Reductive deamination to give a saturated acid. This type of re- 
action is utilized by a variety of bacteria for the oxidation of a variety 
of foodstuffs, the hydrogen taken up by a coenzyme being transferred 
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to an amino acid, which is reductively deaminated. Tryptophan, for 
example, is utilized as a hydrogen acceptor by Escherichia coli under 
anaerobic conditions and is converted into B-indolepropionic acid, or 


CH2-CHNH2-COOH + 2H 


—CH,2-CH2:-COOH + NH; 
3 


N 


| 
H 


Tryptophan B-Indolepropionie acid 


Under aerobie conditions H. coli and other indole-producing bacteria 
attack tryptophan in a different manner, splitting off the side chain and 
oxidizing it to carbon dioxide, ammonia, and water, leaving indole as a 
waste product. Tests for indole production are commonly employed in 
the laboratory as an aid in the identification of bacteria. 


* peat a3 + 3CO, + H20 + NH; 
a 
Ae 
‘N N 


H 


Tryptophan Indole 


5. Reductive deamination and decarboxylation (4 and 1) to give a 
hydrocarbon. This type of reaction probably does not occur to any 
great extent. It was earlier believed that methane gas which forms in 
swamps, in muddy river or lake bottoms, and in sewage-disposal plants 
arose from this type of reaction with glycine as the substrate, or 


CH,NH,2:COOH + 2H — CH, + NH3 + COz 


Recent studies by Barker have conclusively demonstrated that methane 
is paw by the reduction of carbon dioxide. 

_ Oxidative deamination and decarboxylation to give an acid contain- 
ing one less carbon atom than the amino acid. In this type of reaction 
a-keto acids are commonly formed as intermediates but are usually de- 
carboxylated to give a fatty acid and carbon dioxide. Proteus vulgaris 
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is capable of utilizing a number of the amino acids in this manner, phenyl- 
alanine being converted into phenylacetic acid: 


CH,:CHNH2:COOH a 


= + NH3 + CO: 


Phenylalanine Phenylacetic acid 


7. Oxidative decomposition with the loss of two or more carbon atoms 
and the production of an acid or a hydrocarbon-like compound. This 
has been mentioned under 4 for the production of indole under aerobic 
conditions. Another interesting example of this type of reaction is the 
decomposition of tyrosine under aerobic conditions to give phenol, under 
anaerobic conditions to form p-cresol, both of which are toxic to the bae- 
teria in higher concentrations than would be encountered in the culture. 


aerobic 
— -CHNH:,:-COOH 
| 
OH 
= Phenol 
CH; 
: | 
OH 
————> 
anaerobic 
| 
OH 
Tyrosine Cresol 


8. Coupled reactions between pairs of amino acids. This type of re- 
action, actually, is a combination of other reactions considered above 
but is characterized by the fact that one amino acid is oxidized while 
a different amino acid is reduced. It is frequently known as the Stick- 
land reaction and is employed by anaerobes such as Clostridium sporo- 
genes and C. botulinum. Glycine, for example, is reductively deaminated 
and alanine oxidatively deaminated and decarboxylated according to the 
equation 


2CH2NH2-COOH + CH3-CHNH2:COOH + 2H,0 — 
3CH3;-COOH + CO. + 3NH, 


Glycine Alanine Acetic acid 
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Other pairs of amino acids react in a similar manner, and there is con- 
siderable specificity as to the amino acids which react as hydrogen donors 
or hydrogen acceptors. (C. sporogenes is also able to reduce a number 
of amino acids directly with hydrogen gas and the strong hydrogenase 
enzyme system it possesses. 

9. Miscellaneous reactions. Sulfur-containing amino acids such as 
eysteine and methionine are broken down with the formation of foul- 
smelling merecaptans or the liberation of hydrogen sulfide. This last 
reaction is commonly employed in the laboratory for diagnostic purposes, 
sulfide formation being detected by lead or iron salts acting as indicators 
in the medium, reacting with sulfide to yield insoluble colored compounds. 
The compounds produced as a result of the liberation of hydrogen sul- 
fide from the sulfur-containing amino acids can be dissimilated further 
by many species of bacteria, Proteus vulgaris, for example, converting 
cysteine to ammonia, hydrogen, carbon dioxide, and acetic acid. 

Certain species of Clostridium ferment amino acids with the production 
of a variety of end products. Clostridium tetani produces acetic and 
butyric acids, carbon dioxide, and ammonia from glutamic acid, aspartic 
acid, or serine, and also appreciable amounts of lactic acid and ‘ethyl 
aleohol with aspartic acid as the substrate. Clostridium tetanomorphum 
elicits a similar fermentation, and, in addition to the products listed 
above, some hydrogen is evolved. The fermentation of glutamic acid 
may be represented as 


5C;H.0,N + 6H.0 — 6CH3-COOH + 2CH3;-(CH2)2:COOH 


Glutamie acid Acetic acid Butyric acid 


5CG, + 4NHe He 


The source of hydrogen in fermentations of this nature is unknown, formic 
acid not being decomposed by clostridia of this metabolic type. 
Influence of Environmental Factors. It is apparent that there are a 
considerable number of ways by which amino acids can be dissimilated 
by bacteria. The type of reaction which will be elicited depends not 
only upon the bacterium and its enzymic content but also upon environ- 
mental conditions. The degree of aeration controls to a considerable 
extent whether deamination will be oxidative or reductive in character, 
and the pH of the culture medium markedly influences the development 
of particular enzymes. For example, Gale has shown that Escherichia 
coli cultivated in the presence of amino acids in an acidie medium pro- 
duces specific decarboxylases to a greater extent than the corresponding 
deaminase. Under alkaline conditions the reverse holds true. He ex- 
plains this on the basis of an intracellular neutralization mechanism. 
In an acidic medium the amino acid is decarboxylated to yield an amine 
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more alkaline in character than the amino acid from which it was derived, 
and the production of this enzyme is of value for neutralization of the 
original acidity. Deamination occurs in an alkaline environment with 
the liberation of ammonia and the formation of an acidic compound. 
In other cases the cells react to an acidic environment with the forma- 
tion of neutral products, Aerobacter aerogenes producing less acid and 
more acetylmethylearbinol from glucose as the acidity of the medium in- 
creases. This neutralization mechanism, therefore, is not one peculiar 
to the utilization of amino acids alone. 

It is apparent that the pathway of metabolism is not always the same 
for the same species utilizing the same substrate. Changes in the nature 
of the environment in which the cells are cultivated are reflected in the 
actual enzymes produced or in the amount produced, growth at an un- 
favorable pH often resulting in enhanced enzyme production to com- 
pensate for decreased activity per enzyme molecule. These changes or 
adaptions of the cell to its environment can take place only to a limited 
extent which is dependent ultimately upon the genetic composition of 
the species. This adaptability of the bacteria, particularly saprophytic 
species, enables them to survive and multiply under more diverse condi- 
tions than would be possible for more fixed species. 

Recapitulation. It is apparent that a number of different ways exist 
for the anaerobic dissimilation, by different species of bacteria, of glucose 
or other fermentable carbohydrates. The same holds true for the an- 
aerobic breakdown of amino acids and other substrates. These differences 
reflect’ differences in the enzymatic pattern of the various bacteria not 
only as regards the end products of fermentation of a particular substrate 
but also the foodstuffs they can utilize. It was indicated that these dif- 
ferences frequently are employed in the identification of genera and 
species, 

One fundamental principle, however, is apparent in all dissimilations, 
aerobic or anaerobic. An organism must obtain energy to survive, to 
grow, and to multiply. Energy is obtained primarily through oxidation 
reactions in chemosynthetie organisms, energy transfer being mediated 
primarily by the ATP system. An oxidation involves a concomitant 
reduction, which means that there must be available some substance 
which can act as an acceptor of the hydrogens and electrons coming from 
biological oxidations, whether they be aerobie or anaerobie in character. 
The acceptor is oxygen under aerobie conditions, something other than 
oxygen under anaerobic conditions. Four general sources of hydrogen- 
electron acceptors are available, depending upon the enzymatic constitu- 
tion of the species, many species being able to use two or more sources 
of material, depending upon conditions. These sources of an oxidant, 
i.e., a hydrogen-electron acceptor, can be summarized as follows: 


bo 
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. Oxygen from the air or dissolved in the medium. 
. An organic compound or compounds derived from the substrate undergoing dis- 


similation, e.g., pyruvic acid derived from glucose and serving as the final acceptor 
in the lactic acid fermentation. 


. An organic compound or substance derived therefrom which must be supplied in 


the medium in addition to the substrate that is being dissimilated and/or oxidized, 
e.g., the amino acid which is reduced in the Stickland reaction. 


. Inorganie substances other than oxygen, e.g., carbon dioxide, nitrates, or sulfates 


for the bacteria mentioned under miscellaneous reductions. The ability to use 
widely different oxidizing agents, which is possessed by many of the facultative 
anaerobes, enables these organisms not only to survive but also to multiply under 
more widely divergent environmental conditions than is possible for most chemo- 
synthetic forms of life, which are limited to the use of oxygen as the final hydrogen- 
electron acceptor. 


CHAPTER 11 
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There is a wide variety of physiological types amongst the bacteria, 
their sources of energy and of carbon and nitrogen ranging from simple 
inorganic compounds to complex organie molecules. In addition to the 
above requirements, bacteria, like all living things, must have a supply 
of water and of various elements, particularly phosphorus, sulfur, cal- 
cium, potassium, magnesium, and iron in the form of salts. Certain or- 
vanisms may have quite specific inorganic requirements. For examples, 
Azotobacter requires minute traces of molybdenum or vanadium in its 
enzyme systems which are involved in the fixation of atmospheric nitro- 
gen, and Corynebacterium diphtheriae will grow in the presence of minute 
traces of iron but will not produce appreciable quantities of toxin. Toxin 
production increases with increase in concentration of iron in the medium 
over a narrow concentration range and is inhibited by still greater amounts 
of iron. These examples illustrate that traces of certain elements may not 
be involved in the actual structure of the cell but that they are important 
in special cellular activities. Fortunately the requirements for these trace 
clements are generally met in the salts and organic complexes employed 
by the bacteriologist in his culture media. 

The types of food material that must be supplied to an organism may 
be considered to fall into six main groups: 

. Water 
. Regulatory substances 
. Essential ions (see above) 


1 

2 

3 

4. Sources of energy 

5. Sources of bulk-building material 
6 


. Accessory growth factors, vitamins, essential nutrilites 


Although such a classification of the constituents of a culture medium 
is convenient for purposes of discussion, it must be borne in mind that 
sharp distinctions between the groups are impossible and that one sub- 
stance may at times exert two or more of the functions postulated in 
this classification. 

While it may appear strange to classify water as a foodstuff, it does 
take up the bulk of the cell, 75 to 90 per cent of the total weight of 

236 


GROWTH REQUIREMENTS OF BACTERIA per 


the cell being due to its water content. Water also takes part in many 
chemical reactions essential to the synthesis of cellular material and to 
the maintenance of life. Water is the most universal solvent and serves 
as a velucle for the transport of foodstuff into, and of waste materials 
out of, the cell. In addition it has a high specific heat, thus tending to 
absorb the heat liberated in the energy-producing reactions without too 
ereat an increase in the temperature of the cell and its environment. It 
is also a good conductor of heat and thus aids in the dissipation of heat 
energy. Hence we see that water is highly important to the cell and that 
in the absence of water, life does not continue. 

The regulatory components of a medium serve a wide variety of pur- 
poses, their more important functions being the control of: 


1. Osmotic pressure 

2. Permeability of the cell membrane 

3. Hydrogen-ion concentration 

4. Oxidation-reduction potential of the medium 


Osmotic Pressure and Permeability. In general, the utilization of a 
eiven substance as a food by bacteria is dependent upon two factors 
(ne is the possession of enzyme systems which make possible-the dissimi- 
lation and assimilation of and from that foodstuff. The second factor 
is the concentration of the foodstuff, which may vary from a lower limit 
below which the microbe will not grow to an upper limit beyond which 
additional food is simply excess and in fact may become toxic to the cell. 
Sugar in appropriate concentration is gcnerally a valuable food for bac- 
teria, but in high concentrations it is inhibitory; note the use of syrup in 
the preservation of fruits and fruit products. Much of the inhibitory 
effect of high concentrations of foodstuffs is due to the high osmotic pres- 
sure developed in the solution as compared with the osmotic pressure of 
the cell contents, thus resulting in passage of water out of and consequent 
dehydration of the latter. Too low an osmotic pressure may also be 
detrimental, ‘ausing an abnormal passage of water into the cell. The 
concentration of foodstuffs and of regulatory materials must be so ad- 
justed that the resultant osmotic pressure is conducive to the growth of 
the eell. Frequently not only the total concentration of the constituents 
of the medium but also the relative amounts of the various ions must be 
taken into aecount, since ionic ratios can markedly alter permeability of 
the cell and other activities as well. 

The cell membrane must permit the intake of nutrient material and 
the output of waste products of its metabolism, at the same time pre- 
venting the outward passage of cell substance. We have seen that under 
aerobic conditions acetic acid can serve as a foodstuff for a cell while 


under anaerobic conditions it can be a waste product of carbohydrate 
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fermentation by the same cell. The membrane therefore exerts a highly 
selective and adaptive permeability. The permeability is influenced to a 
considerable extent by the nature of the environment, particularly by the 
hydrogen-ion concentration, and by the nature and relative concentra- 
tions of other ions in the medium. Too high a ratio of calcium to sodium, 
too little potassium, or an excess of chlorides or sulfates may be inhibitory 
or even toxic to the cell, quite apart from any inhibitory osmotie-pressure 
effect. This inhibitory action may well be due to a deleterious effect on 
the permeability of the cell membrane, although with organisms so minute 
as the bacteria the permeability of the cell membrane cannot be studied 
readily. 

Hydrogen-ion Concentration. Most species of bacteria grow best in 
a medium which is neutral in reaction, and the composition of a medium 
is generally so adjusted that the pH will be close to 7 after sterilization. 
Some of the more fastidious parasites may fail to grow if the pH is not 
adjusted within rather narrow limits. The pneumococcus grows most 
readily near the pH of blood, approximately 7.3, and may fail to grow if 
the pH is below 7.0 or above 8.3. Saprophytie species usually exhibit 
a greater tolerance to changes in hydrogen-ion concentration than the 
pathogenic forms. In fact, certain species of bacteria are able to grow 
in solutions as acid as pH 1.0 while others survive in media as alkaline 
as pH 13. However, the majority of bacterial species are favored by 
a neutral reaction while the yeasts and molds prefer a slightly acidic 
environment. 

Bacteria tend to change the hydrogen-ion concentration of their en- 
vironment, since the products of their respiration are frequently acidic 
or basic in character. The species which ferment carbohydrates usually 
produce organic acids, while basic end products of protein fermentation 
may accumulate during the putrefactive decomposition of nitrogenous 
organic matter. In order to maintain their existence, the fermentative 
bacteria are usually resistant to relatively high hydrogen-ion concentra- 
tions while the putrefactive bacteria tend to be more resistant to low 
hydrogen-ion concentrations, i.e., tolerant of alkaline conditions. This 
fact is utilized in the preservation of foodstuffs by acids. Various foods 
are preserved by lactic, acetic, and propionic acids produced as a result 
of fermentations induced by bacteria normally occurring on the food- 
stuff. The acidity developed during the course of the fermentation serves 
to inhibit the growth of putrefactive bacteria, and foodstuffs such as 
sauerkraut, pickles, or ensilage so preserved remain edible for long periods 
of time. It is apparent that by proper adjustment of the pH of a culture 
medium, it is possible to control to some extent the type of bacteria which 
will grow, or at least predominate, in that medium. 

The pH of a culture medium is generally adjusted to a definite value 
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by the addition of an acid or an alkali. In addition, buffer salts (par- 
ticularly phosphates) are frequently added to the medium for their buffer- 
ing action since they react with either acids or alkalies produced by the 
cell and tend to neutralize these substances, thus preventing marked 
changes in pH. Amino acids, or complexes thereof, frequently play a 
similar role owing to their amphoteric character and consequent buffer 
action. Sometimes buffer action is obtained with the aid of a relatively 
insoluble salt, such as calcium carbonate, which will react with the or- 
ganic acids produced during fermentation and neutralize them by the 
production of calcium salts. 

Oxidation-Reduction Potential. The basic characteristic of an oxida- 
tion-reduction reaction is the transfer of electrons, although for purposes 
of discussion we have considered the more apparent hydrogen transfers 
generally encountered simultaneously in biological oxidations. The ease 
with which a compound undergoes oxidation (or reduction) depends to a 
great extent upon the ease with which it donates (or accepts) electrons. 
This electron-escaping tendency can be measured in many oxidation- 
reduction systems and is expressed in values known as the £,, or oxi- 
dation-reduction potential, of the system. Such a value expresses in 
electrometrie terms the ratio of oxidized to reduced components of the 
system at a given pH together with the relative oxidizing or reducing 
intensity of the system on a scale established in comparison with the 
oxidizing intensity of oxygen and the reducing intensity of hydrogen. 
A system on this seale is theoretically capable of reducing any substance 
above it, or of oxidizing any substance below it, on the scale, oxygen 
being placed at the top and hydrogen at the bottom of the scale. 

If the oxidation-reduction potential of the medium is high, oxidation 
“an oecur only if there is a component of the medium possessing a still 
higher potential, or oxidizing potentiality. Generally this is oxygen, and 
therefore only aerobic growth can occur. As the potential is lowered, 
more electron acceptors become available and therefore more diverse 
types of respiratory activity. When the potential is lowered to a suf- 
ficient extent, still other electron acceptors become available and permit 
of anaerobie growth; in fact, many anaerobes can be cultivated in the 
presence of a small amount of oxygen provided that sufficiently high re- 
ducing intensities, ie., low H,, prevail. The E, of a solution can be 
estimated with the aid of oxidation-reduction indicators, dyes which 
possess one color in the oxidized state and exhibit a different color in 
the reduced state. Methylene blue is such an indicator and has long 
been used by bacteriologists as an indicator of /,, in particular with 
reference to anaerobiosis. When it exhibits its blue color, it indicates 
that conditions are not suitable for anaerobic growth, while if it is con- 
verted to its reduced colorless form, it indicates that the medium is 
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markedly reducing in character, a low En, and probably suitable for 
anaerobic erowth. The reduction of litmus to its colorless form 18 also 
frequently noted and is employed as an aid in the identification of certain 
species of bacteria, particularly in a litmus milk medium. . 

The Supply of Energy and Building Materials. The compounds which 
are employed as sources of energy for the cell have already been discussed 
in connection with the consideration of respiratory mechanisms. The 
autotrophic forms, other than the photosynthetic bacteria, require am- 
monia, nitrites, sulfur or its compounds, ferrous iron salts, hydrogen, or 
other inorganie matter that they can oxidize. The autotrophic bacteria 
exhibit a high degree of specificity with respect to the energy-providing 
substrate, which has no counterpart in the respiratory activities of the 
heterotrophic forms. The Nitrobacter obtain their energy for the redue- 
tion of earbon dioxide only from the oxidation of nitrites to nitrates, 
while the Nitrosomonas-Nitrosococcus group is able to oxidize ammonia 
only as far as nitrites. The colorless sulfur bacteria and other autotrophs 
are generally just as specific in their respiratory requirements although 
the sulfur bacteria may utilize a variety of sulfur compounds. The 
hydrogen-oxidizing bacteria multiply under autotrophic conditions if pro- 
vided with a supply of gaseous hydrogen but can grow as heterotrophs in 
the absence of gaseous hydrogen. 

The heterotrophs are generally able to obtain energy from the oxidation 
of a wide variety of organic compounds, e.g., carbohydrates, fatty acids, 
amino acids, alcohols, and, with some species, fats. As long as an or- 
eanic Compound is susceptible to oxidation, it is generally possible to find 
a bacterium equipped with the proper enzyme system to carry out the 
oxidation. 

The fifth group of foodstuffs may be considered as a source of the 
chemical elements which in appropriate combinations make up the bae- 
terial cell. Chief among these elements are carbon and nitrogen, which 
the organism is able to combine, together with oxygen and hydrogen, into 
a wide variety of forms. The apparent relative unimportance of the 
nature of the organic compounds utilized by many of the heterotrophic 
bacteria suggests that these bacteria possibly dissimilate these substances 
with the formation of one or a limited number of organie compounds 
which the cells employ as building blocks for the synthesis of cellular 
material. In fact, recent studies indicate that the main purpose of the 
dissimilatory processes may be the provision of these essential building 
blocks and of phosphate bond energy, the energy ultimately liberated in 
these reactions being considered as waste products in the same sense as 
carbon dioxide and water. It has also been suggested that carbon dioxide 
is reduced by the photosynthetic and autotrophic bacteria and assimilated 
into complex molecules from which primary building blocks ean be ob- 
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tained within the cell for the synthesis of other cellular constituents in 
the same manner as indicated for the heterotrophic forms. The various 
bacteria and other forms of life may be more similar than they appe: 
offhand, since there is a considerable degree of unity in their Skene, 
Carbon dioxide may also be assimilated to some extent by the hetero- 
trophic bacteria, and no growth ean occur in its complete absence. 
Brucella abortus, the meningococcus, and the gonococcus frequently 
require an increased carbon dioxide tension for growth on first isolation 
from the animal body, the exact function of the carbon dioxide being 
unknown. Apart from its influence on bacterial growth, carbon dioxide 
may influence other physiological processes such as the production of 
hemolysins and of an enterotoxin by the staphylococci, the production of 
these substances being greatly enhanced by the addition of from 10 to 
20 per cent of carbon dioxide to the air which is in contact with the 
culture. 

Numerous bacteria use ammonium salts as their souree of nitrogen. 
Not only the autotrophs but also the heterotrophs in general are able to 
assimilate nitrogen from ammonia, although ammonia is not capable of 
serving as the sole source of nitrogen for many of the heterotrophs. In 
most instances, amino acids will serve as nitrogen sources for the hetero- 
trophs. Certain amino acids appear to be assimilated directly, others to 
be broken down into molecular units needed by the cell which the cell 
cannot synthesize for itself. In general the bulk of the amino acids in 
a medium appears to be dissimilated with the liberation of ammonia 
(deamination), which can then be assimilated by the cells. 

A number of studies in recent years have suggested that the require- 
ments for small amounts of a particular (essential) amino acid or acids 
in the diet of the more fastidious organisms are due to the inability of 
the organisms to synthesize the structures present in the essential amino 
acids. For example, freshly isolated strains of Salmonella typhosa will 
grow in a glucose—inorganic salt medium with ammonia as the main 
source of nitrogen if a small amount of the amino acid tryptophan is 
added to the culture medium. Upon continued cultivation in the pres- 
ence of decreasing amounts of tryptophan, the typhoid bacilli appear to 
become adapted to synthesizing tryptophan at a rate sufficient for growth 
in the complete absence of added tryptophan, ammonia then fulfilling 
all the nitrogen requirements. More recent studies suggest that this is 
not an adaption but rather a selection of variants (normally present) 
which can synthesize tryptophan. The need for the inclusion of specific 
amino acids in the culture medium does not appear to be entirely due 
to the lack of certain synthetic abilities on the part of the cell but may 
be due in part to other factors as well. The whole problem needs further 


investigation. 
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Growth Factors. In addition to the gross sources of carbon, nitrogen, 
and other elements required by the cell, there are numerous species which 
require the presence of definite molecular structures, other than the amino 
acids, in the medium before growth becomes apparent. The essential 
amino acids are arbitrarily left out of this group of building substances, 
since the amino acids may serve other purposes as well. These growth 
factors (vitamins or essential nutrilites) are needed in extremely small 
amounts and presumably cannot be synthesized, at least at an appreciable 
rate, by the species. The vitamins are not employed as food but instead 
enter a particular structure or component, frequently an enzyme or co- 
enzyme structure, of the cell. 

The growth-factor requirements of microorganisms were recognized in 
part with the observations that yeast (Wildier) or Mycobacterium phler 
(Twort) would grow in simple media only when extracts of similar or- 
eanisms were added to the medium. Later it was observed that parasitic 
species such as Hemophilus influenzae could grow on nutrient agar if the 
medium was enriched with fresh blood. In time, it was recognized that 
blood contained two growth-promoting principles, Y and V, essential for 
the growth of the influenza organism, and these have been identified as 
hematin (XY factor) and DPN (V factor). In more recent years, other 
erowth factors have been isolated and identified, and satisfactory culture 
media of known chemical composition are now available for the cultiva- 
tion of many of the more exacting species. Media of this nature, pre- 
pared from chemicals of known composition, are spoken of as synthetic 
media. A partial list of growth factors required by various species of 
bacteria is presented in Table 11-1. The parasitic and pathogenic species 
in general are the most exacting in their nutritional requirements, as evi- 
denced in part by their need for growth factors indicated in Table 11-1. 
This apparently reflects a loss of synthetie abilities with development of 
the parasitic mode of life. . 

It is of interest to note that the majority of the vitamins required for 
bacterial growth are identical with members of the vitamin B complex 
essential for man. Other growth factors, such as glutamine, purines, 
pimelie acid, and p-aminobenzoic acid, are of diverse nature, and their 
function is not entirely understood. Certain microorganisms may require 
only one growth factor, other organisms two or more vitamins, in their 
diet, and marked variations in vitamin requirements are noted at times 
between strains of the same species and under varied culture conditions, 
particularly aerobiosis and anaerobiosis. It is of interest to note that 
in many instances the amount of growth obtained in a synthetic medium 
is proportional to the concentration of a particular growth factor required 
by a given species. This response (see Fig. 11-1) has been used for prac- 
tical purposes in the assay of foodstuffs for particular vitamin con- 
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TaB_e 11-1. TyprcaL GROWTH-FACTOR REQUIREMENTS OF BACTERIA * 
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* Condensed from Peterson and Peterson, Relation of bacteria to vitamins and other 
growth factors, Bacteriological Reviews, 9, 49 (1945). Requirements listed do not apply 
to all strains of a species. 
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Concentration of vitamin 


Fic. 11-1. An illustration of the influence of the initial concentration of a growth factor 
(vitamin or essential nutrilite) on the amount of bacterial growth. 
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centrations and has markedly reduced the time and expense involved as 
compared with the older animal assay methods. 

Influence of Medium on Bacterial Flora. It should be apparent that 
the nature of the food available in a given habitat will determine to 4 
considerable extent the types of organisms which will grow and predomi- 
nate in that environment. In an inorganic environment, autotrophic 
forms will develop, and in time sufficient organic matter may accumulate 
to support growth of heterotrophic forms. When carbohydrates predomi- 
nate, the microbial flora will be primarily fermentative in character, while 
putrefactive types will tend to establish themselves in the presence of 
proteinaceous matter. In nature, pure cultures are seldom encountered, 
and the chemical transformations which occur result from the action and 
interaction of the members of the mixed flora. Not only the nature of 
the chemical components of the environment but also the concentration 
of these substances is important in controlling growth and the resulting 
flora. Within limits, the number of heterotrophic organisms which can 
be supported increases with increase in concentration of organic matter. 
But these limits vary, and one may find that bacteria grow in water 
supplies of low organic content and that the growth of these species is 
inhibited by the concentration of organie matter present in ordinary 
broths, although they will grow in diluted broth. There are heterotrophic 
bacteria which will grow in salt solutions devoid of organic matter except 
for traces of volatile organic matter absorbed from the air. Also the con- 
centration of substances such as salt may markedly influence the types of 
bacteria which will predominate, the flora of fresh water, ocean water, 
and waters of high salinity being markedly different. The old saltmakers 
could judge when salt was about to crystallize from the evaporation ponds 
by the appearance of a reddish color in the water, a coloration we now 
know to be the result of the growth of pigmented, salt-loving forms of 
bacteria and algae. 

All the microorganisms which we keep with great care in the laboratory 
as pure cultures are found in nature competing with other species and 
other forms of life. Nature needs the mixed activities of a varied popu- 
lation, while science and industry generally require specific organisms for 
the performance of a particular task. We can safely say that practically 
all kinds of microorganisms can be found more or less widespread in 
nature, distributed by the winds, water, or animal life. Many did not 
grow where they are found and would soon die out in the competitive 
struggle for existence. But somewhere in nature conditions are favorable 
for their existence and multiplication. 

Grape juice ordinarily undergoes alcoholic fermentation since yeasts 
are commonly present on grapes and find in the juice a relatively high 
sugar concentration and an acidity conducive for their growth. When 
the sugar supply is exhausted, organisms capable of utilizing alcohol as 
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a foodstuff begin to develop. Species of Acetobacter (acetic acid bac- 
teria) are frequently found growing on wines and oxidize the ethyl 
aleohol to acetic acid, the resulting acidity generally being inimical to 
the growth of other microorganisms. 

Raw milk on standing generally becomes acidic owing to the production 
of lactic acid by the lactic acid bacteria commonly encountered in milk. 
For a while almost pure cultures of these bacteria may predominate, 
but in time they are displaced by certain oxidizing yeasts or by molds. 
These organisms utilize or neutralize the lactic acid in sour milk, and 
the milk becomes alkaline in reaction. Under these conditions the putre- 
factive bacteria begin to grow at an appreciable rate, and the milk pro- 
teins are broken down with the formation of a variety of end products, 
many of which have a disagreeable odor, and the milk has definitely 
spoiled. Thus we see that the nature of the environment markedly 
influences the growth of bacteria and controls to a great extent the type 
of microorganism which will predominate under a given set of conditions. 

Nutrient Media. Many different types of culture media have been 
employed in the study of bacteria, but most of the well-known hetero- 
trophic species will grow in a peptone or peptone—beef extract medium, 
fortified if necessary with sugars or with specific growth factors. Naegeli 
in 1879 recognized the value of peptone as a basic constituent of culture 
media, and it still serves as one of the most important constituents. 
Proteins on hydrolysis yield simpler units known as metaproteins, pro- 
teoses, peptones, polypeptides, and finally amino acids, the products in- 
termediate between the amino acids and the proteins being of rather 
indefinite chemical composition. 

Peptones employed for bacteriological purposes are a complex mixture 
of all these products of protein hydrolysis and serve as excellent sources 
of carbon and nitrogen and also of certain inorganic elements for the 
growth of bacteria. Nutrient broth, as employed in the laboratory, is 
generally a solution of peptone (1 per cent) plus concentrated meat 
extract (0.3 per cent) and salt (0.5 per cent). Meat extract is composed 
of the water-soluble constituents of meat, generally beef, which will dif- 
fuse out of the meat on standing in water, and it supplements the peptone 
and aids the growth of the more fastidious species. Some of the more 
delicate pathogens grow most readily in fresh meat infusions to which 
peptone has been added, growth-promoting factors apparently being lost 
in the preparation of the extract concentrate. Extracts of other cells or 
tissues, vitamin preparations, blood, or other complex growth-promoting 
substances are frequently added to the basic nutrient broth to provide 
conditions suitable for the growth of the most fastidieus species. 

Enrichment Cultures. The influence of the nature of the environment 
was employed at a rather early date in the history of microbiology for 
the attempted isolation of pure species of organisms. Yeasts, relatively 
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free of other organisms, could be obtained from vats of wine undergoing 
natural alcoholic fermentation, lactic acid bacteria from sour milk, and 
individual pathogenic species from infected animals. When soil was 
added to a dilute solution of various salts with nitrites in abundance, 
the growth of nitrite-oxidizing bacteria was favored. On repeated trans- 
fer from one flask of this medium to another in series, the nitrite-oxidizing 
bacteria continued to grow while other species tended to be lost by di- 
lution and by failure to grow under these conditions. Finally the nitrite- 
oxidizing bacteria, Nitrobacter, could at times be obtained in pure cul- 
ture. When sulfur predominated in the medium, the sulfur-oxidizing 
bacteria tended to grow and could be obtained in pure, or at least purified, 
cultures. With alcohol as the substrate, simple heterotrophic alcohol- 
oxidizing bacteria would tend to gain the ascendancy. This technique 
of attempted control of growth by the selection of particular environ- 
mental conditions conducive to the growth of one type of organism is 
known as the enrichment culture technique, and the cultures themselves 
are called enrichment cultures. Taking advantage of a peculiarity of 
the growth requirements of a particular type of organism is not always 
feasible, but the enrichment culture technique is frequently employed to 
favor growth of the desired organism and thus to facilitate its subsequent 
isolation in pure culture by more modern techniques. 

Dilution Culture Technique. As early as 1878 Lord Lister of England 
isolated Streptococcus (Bactertwm) lactis in pure culture by means of a 
combination enrichment and dilution technique. He diluted sour milk 
with sterilized water and added minute amounts of various dilutions to 
samples of sterilized milk. The idea was that, when sufficiently diluted, 
some of the minute portions would contain but one cell each and the 
resulting growth would therefore consist of but one bacterial species. 
This dilution culture technique for the isolation of single cells, and hence 
of pure cultures, is quite laborious, is never too certain, and can be used 
satisfactorily only for the isolation of the predominant species. 

The Development of Streak and Pour Plates. Hay infusions, meat 
broths, vegetable extracts, milk, urine, and other body fluids constituted 
the bases of the early media employed for the cultivation of micro- 
organisms, but these substances were not particularly selective in their 
action. A mixed flora generally developed, and little was learned about 
the identity and characteristics of any particular organism, its isolation 
in pure culture being essential for further study of such minute beings. 

Many species of bacteria cannot be differentiated one from the other 
under the microscope. Are they actually different? Are certain germs 
harmless, others helpful, still others dangerous? How can we differentiate 
between the different types? These are problems that confronted the 
early workers as well as beginning students in microbiology. Robert 
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Koch, a German physician, isolated the anthrax bacillus in pure culture 
from the blood of anthrax-infected animals, since it frequently was the 
only organism present in the blood stream. He cultivated Bacillus an- 
thracis in pure culture in drops of sterilized liquid from the eyeballs of 
cattle and found that even after repeated subculturing in the laboratory, 
this organism retained its characteristics and upon injection into sus- 
ceptible animals multiplied and produced typical anthrax infections. 
This bacterium, which had been observed years before by the French- 
man Davaine in the blood of sheep dying from anthrax, whetted Koch’s 
interest in the study of bacteria themselves and in their relation to dis- 
ease. 

It was observed early in the nineteenth century that the red stains 
which at times appeared on communion wafers and on bread, particu- 
larly in the humid Mediterranean countries, were due not to the miracu- 
lous appearance of drops of the blood of Christ but rather to the growth 
of a red pigmented bacterium now known as Serratia marcescens. Ehren- 
berg saw these blood-red spots in 1848 and obtained growth from them 
on various culture media, the red color being maintained on transfer. 
Joseph Schroeter obtained a number of pigmented growths in 1872 on 
various solid media—starch and flour pastes, slices of potato, bread, 
and meat—and observed that bacteria in the different masses or colonies 
varied in appearance from colony to colony but tended to be constant 
in any one colony. Brefeld in 1875 reported on his methods for the 
isolation of single spores of fungi and on the cultivation of pure cultures 
from these spores in media solidified by the addition of gelatin. In 1871 
Koch had succeeded in isolating certain bacteria on slices of potato, but 
this medium had definite limitations, and in 1881 he turned to the use 
of nutrient broths solidified by the addition of gelatin. The melted 
gelatin-broth mixture was poured on a sterile glass plate, covered with 
a sterile glass bell jar, and allowed to solidify. A sterilized wire was 
dipped into infected material and then stroked over the surface of the 
gelatin, the idea being that organisms would be dislodged during the 
streaking process and that finally the initial numbers would be so reduced 
that only an occasional organism would be dislodged and would thus 
give rise to separate colonies of individual species of bacteria. Unfor- 
tunately there are a number of organisms which will liquefy gelatin, and 
gelatin itself becomes fluid at body temperature, thus limiting the use 
of gelatin as a solidifying agent. Koch also demonstrated that the in- 
oculum could be mixed with the liquefied gelatin before it was poured 
on the plate and that on cooling the gelatin solidified and held the bac- 
teria in place, so that on incubation, discrete colonies of bacteria devel- 
oped both in and on the nutrient gelatin. In this manner the streak 
plates and pour plates of modern bacteriology were developed. Actually 
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the gelatin pour-plate method was first employed by the Danish my- 
cologist Hansen in 1880. He mixed a minute portion of yeast in a ster- 
ilized gelatin-beer wort medium and spread the mixture over a cover 
glass. The latter was mounted on a glass ring attached to a glass slide 
so that an air space was provided for the growth of the yeast. The 
preparation could be examined under the microscope, single cells located, 
and pure cultures picked from the colonies developing from single cells. 
In 1882 the American-born wife of one of Koch’s assistants, a Dr. Hesse, 
suggested the addition of agar-agar to nutrient broth as a substitute for 
gelatin as a solidifying agent. This material, derived from seaweeds, 
had been used in the Duteh Indies in the preparation of jellied soups and 
other dishes which were familiar to Mrs. Hesse. Agar proved to be an 
excellent substitute for gelatin as it remains in the gel state at body tem- 
perature and is attacked by very few species of bacteria. Another of 
Koch’s pupils, Petri, in 1887 suggested the use of small covered vessels 
as containers for the solidified media in place of the covered glass plates. 
Today petri dishes are one of the most common tools of the microbiologist. 
Koch also introduced the use of coagulated blood serum as a solid medium 
for the growth of pathogenic species in 1882. 

With the introduction of solid nutrient media, it became possible to 
isolate many species of bacteria and to grow them in pure culture. When 
a colony on microscopic and cultural examination appears to consist of 
but one species of bacteria, it can be transferred to tubes of nutrient broth 
or nutrient agar slants and maintained free from other species in the 
laboratory. On the other hand, nutrient agar is frequently inhibitory to 
the growth of autotrophic bacteria, and the soil bacteriologist Winograd- 
sky introduced the use of silicic acid (water glass) as a solidifying agent 
for inorganic media, thus facilitating the isolation of individual species 
of the autotrophic bacteria. 

Illustration of Enrichment-plating Technique. Pure cultures can be 
obtained in many instances most readily with the aid of a preliminary 
enrichment medium followed by plating out from the enrichment culture. 
This is well illustrated in modern methods for the bacteriological exami- 
nation of water. This examination is concerned primarily with the de- 
tection of Escherichia coli, the presence of this organism in water serving 
as an indicator of possible fecal pollution of the water supply. Unless 
the water supply is highly polluted, this organism may be present in very 
limited numbers and might escape identification if a small portion of the 
water were plated out. Therefore, samples of the water are first added 
to tubes of lactose broth, the lactose favoring the growth of organisms 
such as Escherichia coli which can use it as food. The proportion of 
lactose-fermenting bacteria to other species in the broth will be greatly 
increased on incubation, and the lactose fermenters can be more readily 


GROWTH REQUIREMENTS OF BACTERIA 249 


detected on plating out. Substances may be added to the lactose broth 
to inhibit the growth of other bacteria, particularly the gram-positive 
forms, and such broth exerts both a selective and an enrichment action. 

The enrichment culture obtained from the organisms present in the 
water sample is next plated out by the streak method on a medium such 
as Endo agar. Endo’s medium consists of nutrient agar plus lactose 
plus basie fuchsin decolorized with sodium sulfite. Organisms which 
ferment lactose form aldehydes from this sugar during the course of 
fermentation, and the aldehydes react with the sulfite-fuchsin colorless 
complex, forming an aldehyde-sulfite compound and liberating fuchsin, 
which imparts a red color to the colony. Hence, the presence of red 
colonies indicates lactose fermentation, and the technician ean proceed 
with the identification of these red colonies. A medium, such as Endo 
agar, which enables one to differentiate at a glance between organisms 
capable of carrying out a given reaction and those which are unable to 
bring about the reaction is known as a differential medium. Endo’s 
medium, or other media based on the same principle, is also of value in 
the differentiation of the causative agent of typhoid fever from coliform 
organisms, with which it is generally associated in fecal matter. Salmo- 
nella typhosa and Escherichia coli are both short, gram-negative rods, and 
their colonies on nutrient agar are very similar. However, S. typhosa 
does not ferment lactose, and therefore colonies of this organism on Endo 
agar are colorless while those of Z. coli are red, thus allowing rapid dif- 
ferentiation between the two organisms. 

Single-cell Isolation. In certain types of work it is necessary to know 
not only that a given culture is composed of cells of a particular species, 
but that their origin can be traced back to a single cell. A culture de- 
rived from a single cell is known as a pure-line culture. We have seen 
that single-cell isolation of microorganisms started with the studies of 
Hansen on yeast, and that the method in brief consists in picking out 
one cell under the microscope and separating it from its fellows. This 
is a rather difficult task and can be accomplished more readily with the 
aid of a micromanipulator, an instrument which enables one to control 
accurately the movements of very small needles or pipettes in the field 
of vision under the microscope. In principle, the method is simple, but 
in practice it is quite difficult. Another method consists in selecting, 
with the aid of the microscope, a single, well-isolated cell on a lightly 
inoculated layer of nutrient agar. This cell is allowed to grow in situ, 
and cells are later picked from the colony which developed from the 
original cell. 

Tissue-culture Methods. Bacteria will grow in lifeless media, and a 
few will grow in living tissues and produce an infection, but none of the 
true bacteria is restricted to growth on living tissues. We have seen 
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that this is one property which serves to distinguish the bacteria from 
the rickettsiae and filtrable viruses. These last two forms are obligate 
parasites and multiply only in the presence of living cells, generally 
being extremely specific in the type of tissue in which they will multiply. 
One of the most effective methods of cultivating these forms was devised 
by Rivers in 1931 and consists primarily in the inoculation of the para- 
sitie agent into susceptible tissue cultivated in vitro by means of ordinary 
tissue-culture technique. The virus or rickettsia will multiply under 
favorable conditions and thus can be maintained and studied in the 
laboratory. Many bacteria will also grow under these conditions, and 
therefore extreme care must be employed to prevent the entrance of 
bacteria to the cultures of living tissues. Tissue cultures are employed 
in the cultivation of the poliomyelitis viruses for the production of the 
Salk vaecine (see Chap. 23). 

One of the mysteries of biology is the susceptibility of embryonic 
tissue to infections against which the mature animal is highly resistant. 
The fluids, membranes, or tissues of partly matured chick embryos serve 
as an excellent pabulum for the cultivation of many microorganisms and 
for the growth of viruses and rickettsiae as well. Fertile eggs are readily 
obtained, convenient to work with, and provide a cheap but excellent 
source of living susceptible tissue in a natural environment. Cultures of 
viruses and rickettsiae in the living chick embryo are of value not only 
for the study of these agents but also for their production on a scale 
feasible for the preparation of vaccines against infections such as small- 
pox, yellow fever, and Rocky Mountain spotted fever. Tissue cultures 
and the developing egg provide the environmental conditions, and pos- 
sibly even the mechanisms of respiration, for the multiplication or in- 
crease in concentration of the intracellular parasites. 

Colony Formation. Once a cell, or group of cells, of a particular spe- 
cies of bacteria initiates growth on the surface of nutrient agar or other 
media, it will in a matter of hours give rise to a mass of many thousands 
or hundreds of thousands of descendants in a visible mass known as a 
colony. The structure and shape of a colony, which may range in size 
from a barely visible dot (punctiform colony) to a mass Y% in. in diam- 
eter, depend upon the species making up the colony, upon the particular 
strain of the species (see the section on the influence of variation, Chap. 
14), and upon the nature of the medium. The type of colony produced 
on a given medium is one of the clues that a bacteriologist employs in 
the identification and description of a species. Size of the colony, color, 
optical characteristics, elevation, edge, and internal structure are im- 
portant factors to consider. The latter three characteristics are studied 
most readily with the aid of a colony microscope. Various terms have 
been employed to describe these properties of colonies of bacteria. A 
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chart, prepared by T. C. Buck, shows at a glance the main types of col- 
ony form, edge, and internal structure, and to each of these character- 
istics he assigned a number. This chart (Fig. 11-2) and the following 
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Fic. 11-2. Bacterial colony formations: (Reprinted with permission from Baltimore 
Health News.) 


descriptive matter are reproduced with permission from the October, 
1944, issue of Baltimore Health News, Baltimore City Health Depart- 
ment: 


The main parts that form a bacterial colony are its elevation, edge, and internal 
structure. Four numbers will adequately describe any colony and can be seen by 
reference to the chart. For example, if a colony is recorded as II, XIII, X XI, and 
XXIII, the colony would be one with a low convex elevation, an undulate edge, 
and an opaque, finely granulated internal structure. The use of numbers will 


252 INTRODUCTION TO THE BACTERIA 


eliminate the need for long descriptive terms, and -provide a quick reference 
system for permanent records. 


It must be borne in mind that a bacterial colony will not develop to 
full extent unless the medium and temperature of incubation are suitable 
for the species under examination. The colony to be described should 
be well separated from other colonies on the plate to prevent interference 
with its development by the presence or activities of neighboring colonies. 
At times, marked variation in colony structure is observed within a col- 
ony, as dissociation occurs, or between different colonies of the same 
species. Under normal conditions, however, colony form and structure 
are fairly constant characteristics of a species and are of aid in its 
identification. 
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CHAPTER 12 


THE MULTIPLICATION OF BACTERIA 


We have been discussing growth requirements of bacteria but have 
not actually considered what is meant by the term growth. In ordinary 
usage, growth commonly implies increase in size, but when the bacteri- 
ologist speaks of growth of bacteria, he usually means population growth, 
i.e., increases in numbers of bacteria. A more scientific expression would 
be bacterial multiplication, but the term growth has so long been applied 
to increase in bacterial population that it has become a habit. We should 
bear in mind that at times not only do bacteria increase in number but 
the individual cells may actually increase in size, a phenomenon fre- 
quently noted in relatively young cultures. 

Numerous chemical reactions are involved in the true growth and 
multiplication of bacteria. From compasatively simple substances in 
the culture medium, a bacterium is able to synthesize complex carbo- 
hydrates, fats, proteins, and other constituents and to arrange these 
materials in a definite pattern while at the same time it increases in 
size to some extent and by the process of binary fission gives rise to two 
cells. Each cell in turn passes through a similar phase of activity, but 
in spite of this rather complicated series of events, reproduction under 
favorable conditions takes place in an orderly manner. As a result, 
various phases of growth can be observed and mathematical formulas 
applied to express growth rates in numerical values. 

Determination of Numbers of Bacteria. Since growth of bacteria is 
venerally expressed in terms of numbers of bacteria, it is necessary to 
be able to determine the numbers of bacteria present at different times. 
The number of viable organisms is ordinarily determined by cultural 
methods, while the total number of bacteria is determined directly by 
microscopic counts or indirectly by determinations of the total weight 
of the cells, of their volume, of the turbidity they impart to a suspension 
medium, or by the amount of chemical change they produce in the cul- 
ture medium. 

The number of viable cells, i.e., cells capable of multiplying in a fav- 
orable environment, is dete penationd by cultural methods applied to appro- 
priate dilutions of the test culture. By carrying out the dilutions, usually 
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in multiples of 10, in a suitable medium and observing the highest dilu- 
tion in which growth occurs upon incubation, an approximation of the 
number of bacteria in the test culture or sample can be obtained. A large 
number of dilution tubes must be employed when statistically aceurate 
results are desired. A more common method (see Fig. 12-1) is to mix 


10 ML 


6 


Fig. 12-1. Plate-count method for the determination of the number of viable bacteria 
in a culture. One milliliter of the culture is added to 9 ml. of the diluting fluid in 
tube 1 and the contents are thoroughly mixed. This gives a 1:10 dilution of the origi- 
nal culture, each milliliter containing one-tenth as many bacteria as in the original 
culture. One milliliter is then transferred to 9 ml. of diluent in tube 2 to give a 1:100 
dilution, ete., in series. One milliliter from dilution 4 is pipetted into a petri dish, 
1.0 ml. from 5 into a second dish, and 1 ml. from 6 into a third dish. Nutrient agar, 
melted and cooled to 50°C., is mixed with the dilutions in the plates which are then 
incubated for 24 to 48 hr. Counts of the number of colonies are then made. In the 
illustration, 1.0 ml. from tube 6, a dilution of 121,000,000, gave rise to six colonies. 
The number of colonies times the dilution (6 < 1,000,000) gives 6,000,000 as the num- 
ber of viable bacteria in the original culture or suspension, Sixty colonies in tube 5. 
a dilution of 1:100,000, also gives a count of 6,000,000. Too many colonies are present 
in the plate from dilution 4 to obtain an accurate count. 





measured dilutions of the culture with nutrient agar or gelatin in a petri 
dish; a count of the number of colonies developing upon incubation gives 
an indication of the number of viable cells present in the sample plated 
out. This, on multiplication by the dilution involved, indicates the num- 
ber present in the original culture. Actually, not all living cells will 
multiply during the period of incubation (a nonmultiplying cell may still 
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be a living cell), and some of the colonies may represent clumps of bac- 
teria rather than individual cells. Mechanical errors of measurement 
and dilution of samples are also involved, and hence the plate count does 
not give a wholly accurate enumeration of the live individual cells pres- 
ent in the material under investigation. But, if wisely employed, it is 
probably the most useful method for the enumeration of bacteria. 

The Petroff-Hauser counting chamber, similar in construction to a 
blood-cell-counting chamber, can be employed for the direct énumeration 
of bacteria. This chamber is ruled in squares of known area and is of 
a known depth. Counts can be made of the actual number of cells in 
a definite volume of the culture or suspension. Theoretically the method 
appears to be excellent, but in actual practice many difficulties are en- 
countered. Furthermore, the microscopic counts indicate the total num- 
ber of bacteria, both living and dead, in the preparation, and of course 
a dead cell may be of little or no significance. Total numbers of bacteria 
can also be determined by counting the bacteria present in representative 
fields of stained smears prepared by spreading a definite volume of the 
culture or suspension over a known area. Knowing the area of the field 
of vision of the microscope and the total area of the smear, it is possible 
by simple proportion to calculate the total number of bacteria in the 
smear. Since the smear is assumed to contain the number of bacteria 
present in the measured volume of the suspension placed on the slide, one 
ean then calculate the number of bacteria present per unit volume of 
the test material. Many technical difficulties are encountered in the 
enumeration of bacteria by this technique, but after some practice with 
the method fairly accurate results can be obtained. The method is fre- 
quently employed for the determination of numbers of bacteria in milk 
since it enables an operator to determine the relative degree of con- 
tamination of the milk in a very short period of time, cultural methods 
being of little value since they are time-consuming and the milk would 
probably be delivered and consumed before the numbers of viable bac- 
teria in the original milk could be determined. 

Phases of Growth. Reproduction of bacteria is primarily accomplished 
by binary fission, and under the most favorable conditions certain species 
may divide every 15 or 20 min. If this rate could be maintained for 24 
hr., the progeny of a single cell would be in the neighborhood of 1 10°! 
cells and would have a mass of approximately four thousand tons. Cul- 
tural conditions fortunately never permit such excessive multiplication, 
but this high rate of multiplication does prevail for a time, as is evidenced 
by the rapidity with which colonies develop on agar or by the rapid in- 
crease in turbidity of a fluid culture medium. 

When a culture medium is inoculated or when bacteria enter the body, 
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milk, foodstuffs, or anything in which they grow, they remain dormant 
as far as numbers of bacteria are concerned for a period of time. The 
duration of this period of dormancy depends on the nature of the organ- 
isms and their environment, the age of the cells, ‘and the temperature. 
After a period of time, multiplication becomes evident, and the cells 
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record of the growth of streptococci at time intervals 


Fig. 12-3. Photomicrographic 
(minutes) indicated. (From Knaysi, “Elements of Bacterial Cytology,’ Comstock 


Publishing Associates, Inc., Ithaca, N.Y., 1944.) 
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crow and multiply, for a time with great rapidity. Finally the rate of 
multiplication diminishes, in time becomes zero, and eventually the cells 
die. Determinations of the numbers of viable cells present at various 
times can be made, and when these results are plotted against time, a 
typical bacterial time-growth curve is obtained. Ordinarily, instead of 
plotting numbers of bacteria against time, we plot logarithms of the 
numbers of bacteria. |This is done because the actual numbers can vary 
from one to a billion or more and would be difficult to record on a small 
graph, while the logarithms of the same numbers would range only from 
zero to nine or ten. When the logarithms of the numbers of viable bac- 
teria per milliliter of culture medium are plotted against time in hours, 
a curve is obtained similar to that represented by the solid line in Fig. 
12-4. 

If, instead of plotting logarithms of the numbers of viable bacteria, 
logarithms of the total numbers of bacteria (living and dead) are plotted 
against time, a curve is obtained similar to that represented by the 
broken line. At first this curve closely parallels the viable growth curve, 
but as the culture ages, the two curves tend to diverge to greater extents. 
Only when multiplication has entirely ceased would the total cell count 
parallel the base line, and it would remain constant at that point until 
the cells begin to disintegrate. In certain species, such as the pneumo- 
coccus, destruction of dead cells by self-contained enzymes is rather 
eommon and occurs with considerable rapidity. This process of self- 
digestion is called autolysis. In other species the rate of disintegration 
may be quite slow and may be primarily a mechanical disintegration. 

Lane-Claypon, in 1909, was the first to systematize the data on the 
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Fig. 12-4. Time-growth curve of bacterial multiplication. 
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various aspects of bacterial growth. She pointed out that there are four 
rather definite periods in the life history of a bacterial culture, as follows: 


Lag phase, initial period of dormancy or slow growth 
Period of regular growth 

Stationary period, number of living cells rather constant 
Death phase, number of living cells decreasing 


Hoe 


Studies by Buchanan show that under favorable conditions seven 
quite distinct phases can be observed during the growth of bacteria. 
These are illustrated in Fig. 12-4 and are designated by Buchanan as 
follows: 


1. Initial stationary phase (a-b). During this phase the number of bacteria remains 
fairly constant, and the plot is a straight line parallel to the time axis. 

2. Lag, or positive-growth-acceleration, phase (b-c). During this phase the average 
rate of multiplication increases with time. 

3. Logarithmic growth phase (c-/). During this phase the rate of reproduction per 
organism remains constant and therefore gives rise to a straight-line relationship. 

4. Phase of negative growth acceleration (d-e). During this phase the rate of growth 
per organism decreases, but multiplication still continues. 


5. Maximum stationary phase (e-f). During this phase there is practically no in- 


crease in the number of bacteria present; reproduction is at a standstill. 

6. Phase of accelerated death (f-g). During this phase the number of bacteria dying 
per unit of time gradually increases. 

7. Logarithmic death phase (g-h). During this phase the rate of death of the cells 
may be constant. 


A final phase of negative acceleration in the rate of death (h— ) might 
be advantageously added to Buchanan’s classification, for in many in- 
stances the death rate decreases after a time. A few cells may be very 
resistant and remain alive over long periods of time. This division into 
phases is most obvious in cultures which grow rather slowly. Henrici 
reported that most organisms, when grown on a nutrient-agar surface, 
develop more raj ldly than in liquid media, and the growth curves do not 
show such a sharp division into phases. The growth curve for these cul- 
tures has the appearance of a rather skewed frequency-distribution curve, 
showing a period of positive growth acceleration, a period of negative 
acceleration in growth, a period of accelerated death, and a final period 
of negative acceleration in death. 

The previous history and amount of the original seeding and the 
nature of the organism and of the medium determine to some extent 
whether or not all of the above phases will be observed in the culture. 
When transplants are made in the logarithmic growth phase, the cells 
may continue to develop at the same rate. The initial stationary and 
lag phase is usually the greatest: when transplants are made from an old 


culture and may be decreased by the use of relatively large seedings. 
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Winslow divided the bacterial population cycle into five general phases 
as follows: 


. Phase of adjustment 

. Phase of increase 

. Phase of crisis 

. Phase of decrease 

. Phase of readjustment 


qe he 


In a medium which is highly favorable for growth, the organisms will 
pass through a relatively short period of lag or dormancy with a relatively 
slow increase in numbers depending on the nature, age, and number of 
organisms in the seeding. If the medium is poorly suited for growth, 
there will be a decline in number of viable organisms at first, but growth 
will ensue after the organisms have become adjusted to the new en- 
vironment. 

When the phase of adjustment has been completed in a medium in 
which growth will occur, there next follows a period of regular and gen- 
erally very rapid increase. After a lapse of time, varying with the na- 
ture of the organism, the medium, and the temperature, the period of 
logarithmic increase draws to a close and a phase of crisis follows. Dur- 
ing this phase the number of viable organisms is fairly constant, the 
duration of the phase again being dependent on the nature of the organ- 
ism and its environment. It, in some instances, lasts only a few hours 
and is followed by a phase of decrease or death; in other instances the 
phase of crisis may last for a number of days. Graphically the slope of 
the curve during the phase of crisis may take any form from a sharp 
tooth to a flat plateau. 

The phase of crisis is followed by a phase of decrease in the numbers 
of viable cells which may follow a logarithmic relation for a time, but 
in time the rate of mortality decreases and the culture passes into the 
final phase of readjustment. If the medium is at all favorable at this 
time, a number of the organisms will remain alive indefinitely; in a 
nonfavorable medium the organisms never become readjusted and com- 
plete sterility follows. In intermediate cases there will be gradations 
between the one extreme and the other. 

Under the most favorable conditions these phases can be further sub- 
divided into the phases postulated by Buchanan; the same explanations 
apply, but Winslow’s scheme is more general in type and of greater ap- 
plication to the general trend of bacterial growth cycles, rather than to 
the ideal case. 

It must be remembered that increase in numbers of viable cells is 
taken as a criterion of growth, while actually early in the history of the 
culture the cells may be growing, i.e., increasing in mass and in volume, 
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but not multiplying. The lag period of growth may therefore be largely 
a result of delayed cell division. 

Henrici* claims that the bacterial culture cycle is of fundamental bio- 
logical significance and states: 


The cells of bacteria undergo a regular metamorphosis during the growth of a 
culture similar to the metamorphosis exhibited by the cells of a multicellular or- 
ganism during its development, each species presenting 3 types of cells, a young 
form, an adult form, and a senescent form; that these variations are dependent 
on the metabolic rate, as Child has found them to be in multicellular organisms, 
the change from one type to another occurring at the points of inflection in the 
growth curve. The young or embryonic type is maintained during the period of 
accelerating growth, the adult form appears with the phase of negative accelera- 
tion and the senescent cells develop at the beginning of the death phase. 


Phase of Adjustment. Numerous attempts have been made to explain 
the occurrence of the different phases of growth in bacterial cultures. 
The phase of adjustment (Winslow’s classification) has been diligently 
studied, and three general explanations have been advanced to explain 
the initial lag in multiplication. These explanations can be summarized 
as follows: 

1The Essential-secretion Theory. In this theory it is assumed that 
an organism must secrete an essential substance into the medium before 
growth can take place. There seems to be some experimental evidence 
to substantiate this theory. Bacteria appear to exert a mutual effect, 
one on the other, which apparently is exceedingly important, as the lag 
period is generally reduced with increase in size of the inoculum. But 
other factors, such as the development of a suitable oxidation-reduction 
potential or carbon dioxide tension, no doubt play a part. 

2The Adaptation Theory. This theory simply assumes that a period 
of adaptation to the new environment is necessary before an organism 
ean grow. No adequate explanation is offered, and seemingly this theory 
begs the question. 

3. The Injury Theory. The theory held most strongly by bacteriol- 
ogists appears to be the injury theory, which attempts to explain lag 
by assuming an injury of some sort to the parent cell. This injury may 
be physical or chemical in nature. Proponents of this theory suggest that 
as a bacterial culture ages, the cells imbibe, or perhaps fail to secrete, 
the toxie products of their growth. The medium surrounding the cell, 
as well as the interior of the cell, is saturated with this toxic substance 
or substances. A chemical equilibrium is established, and no movement 
of this material is possible in either direction. When cells so poisoned 


1 Science, 61, 644 (1925). 
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are placed in a new medium where the external concentration of poison 
is nil, the internal inhibitory material slowly flows outward, and sooner 
or later the cell begins to function. The time taken for this new equilib- 
rium to be established is the reason for the lag. In general this theory 
of injury repair in the fresh medium might be considered as an adapta- 
tion to new conditions. Or it may be considered that essential substances, 
particularly enzymes, are lost or inactivated as the cell ages and that 
these must be built up in appropriate concentrations before the cell is 
able to function to the best of its ability and to multiply. 

Whatever the immediate cause of the lag phase, unquestionably the 
increasing growth rate is probably due to the fact that first one cell 
divides, then a few more, and then still more until at last a point is 
reached where all of the cells are dividing at a constant rate. 

Phase of Increase. The logarithmic phase, or phase of increase, is so 
called because in each interval of time the majority of the bacteria are 
erowing at a constant rate and the plot of logarithms of the numbers 
against time is a straight line. This log phase rarely continues for more 
than 5 or 6 hr. Were it to do so, we would get the enormous number 
of bacteria which was mentioned earlier. A great deal of work has been 
done concerning this phase, and while this research cannot be discussed 
here, a few interesting facts do stand out. 

It has been shown that when subcultures are made during the log 
phase, there will be no lag whatever in multiplication. Sherman studied 
the sensitivity of the cells to toxic agents in this phase of growth and 
found the young cells to be more susceptible than older cells to many 
lethal agents. This is particularly true in the early log phase, and he 
considered such cultures to be “physiologically young.” Henrici ob- 
served that at the beginning of the log phase, bacteria increased in size 
until the middle log period was reached. Then their size diminished 
rapidly. Also the metabolic activities of these “physiologically young” 
cells may be several times greater than that of older cells (see Fig. 12-5). 
In general they stain more deeply and uniformly, and granules or vacuoles 
tend to be absent. 

This question of physiological youth is not without its complications. 
When two bacterial cells are formed by binary fission, neither cell can 
be identified as parent or offspring. Are both cells to be considered as 
of the same age? If these two cells continue to grow and multiply, four 
cells are formed, again of the same age. This continues during active 
growth, and the result is millions of cells, all of approximately the same 
age. From such a consideration it could be assumed that the phenom- 
enon of “physiological youth” should be apparent to the same degree 
throughout the logarithmic period of growth. Factors other than age 
of the cells alone must play an important role, and it should be borne 
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Fic. 12-5. Curves of time versus growth, versus oxygen consumption per minute per 
milliliter of culture, and versus oxygen consumption per cell per minute relationships 
observed during the growth of (A) Aerobacter aerogenes, (O) Salmonella typhosa, 
and (xX) Escherichia coli in a 1.0 per cent peptone solution at 37.5°C. [From Clifton, 
Journal of Bacteriology, 33, 155 (1937) .] 


in mind that the concentration of foodstuffs is diminishing, the oxygen 
tension and consequently the type of respiration generally vary with 
time, and waste products are accumulating. Changes observed in the 
behavior and properties of the cells may thus in part be due to responses 
to a changing environment. 

Phase of Crisis. The phase of crisis is a very interesting phase of 
bacterial growth, for without it the organisms would grow on and on to 
the exclusion of all other forms of life. This phase is the brake that 
Nature applies to these energetic cells, but how it works is open to ques- 
tion. There are some who claim that the exhaustion of food is the ex- 
planation; others think it is the accumulation of metabolic wastes or 
specific toxic material. Still others offer the theory of overcrowding, but 
this appears to be less likely when it is considered that in colonies there 
is crowding far in excess of that found in fluid media. 

The idea that growth is limited by the accumulation of toxie sub- 
stances is the one that seems to be most generally accepted, although 


the evidence for it is far from convincing in many instances. Unques- 
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tionably the accumulation of toxic substances and also the exhaustion 
of foodstuffs play important roles in the inhibition of the rate of bacterial 
growth, but which of the two is more important has not yet been deter- 
mined. There is no doubt that competition for food becomes very keen 
in the latter part of the logarithmic phase, and as the maximum popu- 
lation is approached, both the amount of foodstuff available per cell and 
the amount of waste products as well must be taken into account. It 
must be borne in mind that the concentration of foodstuff per cell 1s 
highly important, for while there may be enough food present in the 
old medium to support growth of a small number of cells, yet there may 
be less than the amount required simply to maintain a large number 
of cells. 

Phase of Decrease. Late in the period of crisis more and more of the 
cells die per unit time until finally they are dying at a uniform and 
generally most rapid rate. Considerations of the death of bacteria can 
be more logically postponed until we discuss the general nature of dis- 
infection. Finally we encounter a few survivors which by some means 
or other have become adapted to survival in a more or less unfavorable 
environment, and these cells may remain viable for weeks, months, or 
years, depending on the nature of the cells and of their environment. 

Before we leave this general discussion of phases of growth, it should 
be pointed out that similar periods of growth are observed in all popu- 
lations, both plant and animal, under favorable conditions. In Fig. 12-6 

is plotted the population curve of 
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Fic. 12-6. Growth curve of the popula- that we are living in this logarith- 
tion of the United States. mic period of multiplication. Our 


rate of multiplication is still pro- 
portional to the population, but we are approaching a maximum popula- 
tion. This period of crisis has been reached in some of the crowded 
European countries, and in fact population decreases are being observed, 
even neglecting the influence of wars on populations. Bacteria are not 
vastly different from other forms of life! 
Mathematical Expressions of Multiplication. For those who are 
mathematically inclined, equations for the calculation of generation 
times, number of generations, and the rate of growth of bacteria can be 
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developed with the aid of simple algebra. When a cell divides, it gives 
rise to two cells; each of these in turn on division again gives rise to 
two cells, or a total of four, etc., in geometrical progression, the numbers 
of bacteria doubling with each division time (see Fig. 12-7). This can 
be represented as 


1—- 2-4-8 — 16 > 32:--- 
or since 

2°=1,2'=2,2? =4,22?=8 --- 
we may write 


eh 9 OS as Seay OF as OP cs sae ey BM 


the exponents representing the number of generations. The same rea- 
soning applies if we start with any number, B, of cells. At the end of a 
number of generations, n, there will be B2” cells, or in other words 


(1) B, = Bo2” 


where B, equals the number of bacteria at the end of any interval of time 
t, Bo the initial number of bacteria at the beginning of the time interval, 
and n the number of generations in that period of time.’ 

Suppose we represent a generation time by g; then 


t —_— 
(2) Saat 
or 
t 
n=- 
(3) ; 


SSS 





Time 


Fic. 12-7. Influence of the rate of division of bacteria on the number of cells formed 


per unit of time. 
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Many bacteria under favorable conditions divide at the rate of three times 
an hour or once every 20 min. In other words, there are three generations 


in 60 min. or 


and reasoning backward 


t 60 , 
n = - = — = 3 generations 
g 20 
Equations (2) and (3) are indeed simple! 
Now substitute ¢/g for n in equation (1), and the equation 


(4) B, = Bo2'!® 


is obtained. If By and B; are determined in the laboratory and the time 
elapsed, t, is known, then these values can be substituted in equation (4), 
and the average generation time g can be calculated. This calculation is 
simplified when equation (4) is expressed in its logarithmic form 


t 
(5) log B, = log Bp + - log 2 
g 


Equation (5) can be rearranged to give 
: t 
(6) log B, — log Bop = - log 2 
g 


and, on solving for t/g, we obtain 
t log By, — log Bo 


(7) ~ 
i] log 2 


On rearranging equation (7) and solving for g, we obtain 


a 
log B, — log Bo 


Suppose that there were 1,000 organisms at the beginning of a time inter- 
val of 60 min. and 8,000 organisms at the end of this period of time. On 
substitution of the logarithms of 2, 1,000, and 8,000 in equation (8), we 
obtain 

60 X 0.3010 


”~ 3.9081 — 8.0000 ~~) ™"™ 


Now suppose that we want to obtain growth in a culture in a short period 
of time. We inoculate the medium with a loopful of the parent culture but 
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think that it is not enough so we add a second loopful of the inoculum. 
Will the culture develop to a definite concentration of cells in one-half the 
time required for a similar culture inoculated with one instead of two loop- 
fuls of the parent cells? No. In general, doubling the size of the inoculum 
merely reduces the time required for a definite population to be established 
by one generation time, g. 

When it is desirable to know the number of generations in a period of 
time, m can be substituted for t/g in equation (7), and we obtain 

log B, — log B 
(9) ore 2H £ Do 
log 2 
On substituting the logarithms of 2, 1,000, and 8,000 in equation (9) and 
solving for n, we obtain the number of generations in the time period, or 
3.9031 — 3.0000 


n = ———_—_—_——_—— = 3 generations 
0.301 


An equation can also be derived to represent the rate of growth of bac- 
teria. The term rate signifies change per unit time, and the rate of multi- 
plication, i.e., increase in numbers of bacteria per unit time (dB /dt) is pro- 
portional to the number of cells present at that time. When this statement 
is expressed in mathematical terms, we obtain 

dB 


10 aa By ib 
sii dt 


In this equation K represents the proportionality factor.and is known as 
the velocity constant of growth. K can be evaluated from equation (10) 
by a process of calculus known as integration, and on integration 


2.303 B; 
‘\1) K= log — 





Reverting again to simple arithmetic and assuming that at the beginning 
of a time period of 70 min. there are 100 cells in the culture and that at 
the end of 70 min. there are 1,000 cells, on substituting in equation (11), 
we obtain 


2.303 1,000 
K = — log - = 0.033 
70 00 





Once the value of K is known, it is easy to calculate the number of 
bacteria present at any time, say 40 min. On substituting the known 
values in equation (11) and solving for log B; at 40 min. the value 2.569 
ix obtained. This logarithmic value is equivalent to 371 bacteria at that 


time. 
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Equation (11) strictly applies only during the logarithmic period of 
growth but may be applied without introducing too great an error to 
studies on multiplication in the latter part of the lag phase and in the 
early part of the phase of negative erowth acceleration if the time inter- 
vals are small. As will be seen later, this equation can also be applied 
to the logarithmic rate of death of bacteria in cultures or to the rate of 


disinfection. 


FACTORS INFLUENCING RATE OF GROWTH 


The conditions under which the bacteria are grown profoundly influ- 
ence the growth curve. The lag period may be of short or long duration. 
There may be a steep or a gentle slope of the curve representing growth 
during the log phase. Death may be a rapid or a gradual process. Yet 
one can usually recognize the various phases of growth on examination 
of the plot of logarithms of bacteria against time. These variations are 
frequently due to the environmental conditions. For example, tempera- 
ture, as would be expected, has a profound influence on the slope. This 
is obvious when one considers that at temperatures below optimum the 
rate of multiplication of a given species is bound to be lower than at the 
optimum temperature. 

Temperature. Like all living things, bacteria have minimum, maxi- 
mum, and optimum temperature requirements for growth. The majority 
of bacteria can withstand quite wide ranges of temperature conditions, 
particularly below 0°C., but the range of temperature in which they can 
grow and carry on their functional activities is much narrower. The 
general influence of temperature on the growth of a species of bacteria 
is well shown in a schematic illustration by Rahn, which is presented 
in Fig. 12-8. 

For a given species the optimum temperature for growth varies with 
the medium, particularly if there are any inhibitory substances present; 
the latter will naturally exert a more pronounced effect at higher tem- 
peratures. By making a series of cultures in the same medium at differ- 
ent temperatures, it is possible to determine that temperature (or range) 
at which growth occurs most rapidly, although determinations of genera- 
tion times lead to a more accurate interpretation. A minimum generation 
time for a given temperature does not, however, necessarily imply a 
maximum crop yield. In determining the optimum temperature for 
growth, the organisms should preferably be adapted as far as possible 
to growth at the various temperatures employed in the tests. 

Three main groups of bacteria have been recognized according to their 
temperature requirements: 
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Fic. 12-8. Influence of temperature on the growth of bacteria. (From Rahn, “Microbes 
of Merit,” The Ronald Press Company, New'York, 1945.) 


1. Psychrophilic (cold-loving) bacteria, usually water forms found in the depths of 
the ocean or other bodies of water, cold springs, and in decaying food in cold 
storage. The optimum temperature for growth is 10 to 20°, the minimum 0°, and 
the maximum 30°C. 

2. Thermophilic (heat-loving) bacteria, usually found in piles of decaying organic 
rnatter or in hot springs. These bacteria often grow at a temperature as high as 
80°C. Optimum growth occurs at 60 to 65°, and the minimum temperature re- 
quirement is 40 to 50°C. 

3. Mesophilic bacteria, including the majority of bacteria. The minimum tempera- 
ture for growth is between 5 and 25°, optimum 25 to 37°, and maximum 40 to 45°C., 
depending on the species. Some workers have suggested a division of the meso- 
philic bacteria into two subgroups as follows: 


270 INTRODUCTION TO THE BACTERIA 


a. Oikophilic bacteria, having an optimum temperature for growth at about 20°C. 
b. Somatophilic bacteria, which grow best at 37.5°C. (blood heat) 

The saprophytes and other bacteria found in the soil would belong to the first sub- 
group, and the forms parasitic to the warm-blooded animals fall into the latter 
group. There are numerous intergradations between these two subgroups, and their 
actual value is questionable. 


Any overstepping of the maximum temperature rapidly inhibits or 
destroys most species, a factor of importance in pasteurization or sterili- 
zation, but the temperature requirements for growth are also of great 
importance in everyday life. For example, the majority of molds are 
unable to produce infection in man, one reason being that their upper 
limit for growth is frequently below body temperature. Also in butter 
and cheese making, tobacco curing, the wine industry, and in every in- 
dustry in which bacterial action plays a role, the temperature at which 
the process is carried out is of great importance. 

To illustrate a simple case, consider market milk stored at different 
temperatures. If milk is held near 0°C., a long lag phase may be ob- 
served, but finally the number of organisms will increase to many million 
per milliliter. No acid or marked deterioration can be detected by taste, 
but chemical analysis will show the presence of hydrogen sulfide and 
ammonia. Between 15 and 25°C. 
milk sours in 36 to 48 hr., giving 
rise to a firm curd of an agreeable 
flavor without whey or gas. Near 
body temperature the milk sours 
rapidly with the production of gas 
and disagreeable odors, owing to 
the activity of organisms such as 
100 Aerobacter aerogenes and Escher- 

ichia coli. If the milk is stored at 
50°C., it may keep indefinitely or, 
if thermophilic bacteria are pres- 
ent, will be decomposed with either 
an acid fermentation followed by 
digestion or by complete putrefac- 

ol. = 3 = tion, depending on the species that 

aoe happens to be in the milk. 
lic. 12-9. Influence of temperature on ope LoD hms We effect of 
generation time. [After Barber, Journal temperature on the generation time 
of Infectious Diseases, 5, 396 (1908) .1 of Escherichia coli. Reproduction 
‘ah . of EB. coli begins at about 10°C., 
reaches = eee generation time of 17 min. at 37°C., rapidly decreases 
above 45°, and practically ceases at 50°C. It is to be noted that the 
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increase in generation time is much more abrupt above the optimum 
temperature than at lower temperatures. 

In the range of temperature favorable for growth, an increase of 10°C. 
in temperature decreases the generation time by approximately one-half, 
an effect analogous to the doubling of the velocity of a chemical reaction 
for each 10°C. increase in temperature. 

Concentration of Food. Another factor of importance in controlling 
the rate of growth of bacteria is the concentration of food materials. 
Penfold and Norris found that the rate of growth of Salmonella typhosa 
during the logarithmic phase in a 0.5 per cent saline solution of peptone 
at 37°C. was inversely proportional to the peptone concentration, when 
the latter was less than 0.4 per cent. Above this concentration further 
additions of peptone had little effect on the rate of growth. The addition 
of 0.175 per cent glucose to a 0.1 per cent peptone medium decreased 
the generation time by 50 per cent, but the addition of the sugar had 
little effect in a 1.0 per cent peptone solution. Quantitative differences 
were noted between samples of peptone, but the qualitative results were 
the same. Figure 12-10 illustrates the effect of different concentrations 
of peptone on the generation time. Figure 12-11 illustrates the influence 
of the concentration of food on the total crop yield. 

The nature of the nutrient material and also the tension of oxygen 
and carbon dioxide are additional factors of great importance in con- 
trolling the rate of growth and total crop yield. 
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Fic. 12-10. Influence of concentration of Fic. 12-11. Influence of concentration of 

foodstuff on generation time. [After foodstuff on the total crop yield. (After 

Penfold and Norris, Journal of Hygiene, data in Rahn, “Physiology of Bacteria, 

12, 529 (1912).] The Blakiston Division, McGraw-Hill Book 
‘ Company, New York, 1932.) 
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Influence of Ions, Particularly H+. The nature and concentration of 
ions in the culture medium markedly influence growth and activity of 
bacteria. Of particular importance is the concentration of hydrogen 
ions. Pasteur noted in 1879 that the relatively high acidity of must 
favored a natural alcoholic fermentation in wine, while the low acidity 
of wort made the brewing of beer more difficult. He concluded that this 
difference in acidity determined to some extent their relative susceptibil- 
ity to spoilage. He also pointed out that the acidity of the medium was 
a determinative factor in the establishment of lactic or alcoholic fer- 
mentation and the effective temperature for pasteurization. 

The importance of controlling the acidity in bacterial culture media, 
in the preservation of food, in fermentation processes, in the study of 
enzyme activity, of disinfection, of agglutination, and of antigen-antibody 
reactions, and in general biological studies was realized to a greater ex- 
tent with increasing studies of the bacteria. Schultz (1891) and Fuller 
(1895) introduced methods for adjusting the reaction of culture media 
by determinations of the titratable acidity and adjusting to a given “re- 
action value.” These methods were useful, but, as pointed out by Clark, 
the importance of titratable acidity decreased with development of the 
clearer concepts of acidity and alkalinity advanced in physical chemis- 
try. He pointed out the importance of titrating culture media to a 
definite hydrogen-ion concentration rather than to a reaction value. 
Clark and Lubs (1917), in a review of the subject, outlined colorimetric 
methods now generally employed for the adjustment of the hydrogen-ion 
concentration of culture media as well as in studies on the effect of 
hydrogen ions on the morphology, pigment formation, enzyme activity, 
fermentation, toxin production, antigenic action, electrophoresis, and 
viability of bacteria. 

The optimal zones and limiting values of pH for bacterial growth 
have been investigated by many workers, and their results with typical 
microorganisms are summarized in Table 12-1 on page 273. The data in 
Table 12-2 on page 273 show the change with time in the number of 
viable #. coli in broth and in glucose broth, together with changes in 
pH of the media. 

The pH of plain broth is at first shifted to the acid side of neutrality; 
as the maximum number of organisms is approached, the pH shifts to- 
wards the alkaline side, and when a pH of 8.0 is reached, there is a 
coincident decline in the number of viable cells. 

In broth to which 1 per cent glucose had been added, the shift toward 
acid values of pH was more marked, the maximum population was es- 
tablished earlier, and death was quite rapid. It is extremely doubtful 
that most strains of E. coli would die off as rapidly as indicated by these 
results. In another experiment Kajima neutralized the acid with sodium 
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TABLE 12-1 
eee 
Biante Acid Optimum Alkali 
maximum pH maximum 

Nitrobacter sp.............. 3.9 6.8-7.3 13.0 
Becherichia coli.: 2.555. -... 4.4 6.5 7.8 
Bacillus subtilis............. 4.2 7.5-8.5 9.4 
Pseudomonas aeruginosa. ... . 5.6 6.8 8.0 
Aspergillus niger............ LD | BW oat eat / 

Diplococeus pneumoniae... .. 7.0 7.8 8.3 
Streptococcus pyogenes....... 6.0 7.8 8.5 
Neisseria meningitidis. ...... 6.5 a5 7.8 
Neisseria gonorrhoeae........ 6.0 7.6 8.0 
Salmonella paratyphi........ 4.0 6.5-7.0 8.5 
Clostridium tetani........... 5.5 7.0-7.6 8.3 
Corynebacterium diphtheriae. . 6.0 (aan. O 8.2 
Mycobacterium tuberculosis. . . 5.0 7.2 8.0 





‘Papi 12-2'* 





; Numbers Numbers in 19% 

Hours in broth ee glucose + broth pH 
0 50 ,000 C2 50,000 {fn 
6 175,000 ,000 6.9 268 ,000 ,000 5.6 
12 320 ,000 , 000 6.8 510,000 , 000 ‘aya 
18 538 ,000 ,000 ee 
24 609 ,000 ,000 7.6 221 ,000 ,000 4.8 
36 559 ,000 , 000 Tea) 
48 493 ,000 ,000 8.2 12,000 4.9 
96 330,000 ,000 8.3 

192 53,000 ,000 8.5 

240 7,500 ,000 8.7 





*From Kajima, Scientific Reports, Government Institute of Infectious Diseases, Tokyo, 
2, 305 (1923). 


hydroxide after 48 hr. when the count had fallen to 12,000 per milliliter. 
The number of viable organisms increased to 192,000,000 per milliliter 
in 12 hr. and again declined. Twice as large an increase was obtained 
when fresh nutrient material was added with the alkali. 

Dalyell has shown that the reaction and nature of the medium are of 
considerable diagnostic importance. The bacterial microscopic picture 
of cultures from the same fecal matter, inoculated into ordinary broth, 
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broth of a more alkaline reaction, broth containing a large amount of 
bile, or the same broth acidified with 1 per cent acetic acid, 1s quite 
different. The use of only one of these mediums might give misleading 
results since one organism may overrun a second in a given culture, or 
vice versa, depending on the nature and reaction of the medium. It 
should also be apparent that the nature of the medium and other factors 
influencing growth must be carefully considered in industrial micro- 
biological processes. For example, the substitution of a cheaper food- 
stuff in a culture medium for the production of yeast, provided it is 
readily utilized, would lower production costs. Or any alteration that 
would reduce the time required for growth would enable a greater pro- 
duction volume per unit of equipment and hence lower the cost of pro- 
duction. 

Ecological Considerations of Growth. We have been considering the 
erowth of bacteria with particular reference to pure cultures under labo- 
ratory conditions of study. Now let us briefly consider the growth of 
bacteria in a natural habitat such as soil, since the majority of bacteria 
are found in the soil. Soil can be considered to be composed of inorganic 
mineral particles, primarily oxides such as silicon and aluminum, and 
these particles are coated with a film of a colloidal system comprised 
mainly of organic matter. A considerable amount of air is present in 
the irregularities between the soil particles in a well-drained and -tilled 
soil. When these spaces are filled with water and the soil becomes 
packed, oxygen of the air can no longer penetrate with ease into the 
soil, and the aerobic conditions of a well-tilled soil give way to partial 
anaerobic conditions or to complete anaerobiosis. Fermentative decom- 
positions then predominate, and the soil becomes “sour,” to a great extent 
owing to the replacement of metallic ions on the soil colloids by hydrogen 
ions. Thus the moisture content of a soil is of importance in the control 
of the prevailing or prevalent bacterial flora and activities. 

The layer of colloidal organic matter is analogous to a layer of agar, 
serving as a culture medium for the growth of bacteria and other micro- 
organisms. Plants and animals (and their wastes) die, and their matter 
is contributed to the soil, thus enriching it with both inorganie and 
organic matter. The organic matter, chiefly proteins, fats, and carbo- 
hydrates, is broken down by microbial respiration into simpler and 
simpler compounds, the main end products in a well-cultivated soil 
being water, carbon dioxide (or carbonates), and nitrates together with 
traces of other salts. The process of reducing complex organic matter 
to salts is known as mineralization. These substances are then available 
to the green plants. Microbic growth is rapid and abundant in culti- 
vated fields in which the organic content is kept up by manuring, is less 
in heavily cropped and poorly maintained soils, and in undisturbed soils 
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has generally reached an equilibrium. A well-cultivated rich soil might 
contain as many as 1,000,000,000 viable bacteria, 20,000,000 actinomy- 
cetes, and 100,000 mold fragments in addition to 200,000 protozoa and 
50,000 algae in a teaspoonful of soil. The actual numbers depend upon 
the type of soil, moisture content, temperature, and other factors. 

In the soil, or in any natural habitat, there is a continuous struggle 
for existence between the microbes found there. A similar struggle for 
existence is found between the higher forms of life, both plant and ani- 
mal. In any habitat certain members of the population live in harmony 
with each other while all degrees of incompatibility are evident amongst 
others. Considerable evidence has accumulated that microbes in the 
soil assist one another in creating favorable environmental conditions. 
They also compete with each other for the available foodstuffs and at 
the same time may exert a variety of other influences on each other and 
on higher forms of life. Without all their varied activities life on earth 
would soon become impossible, and, as Pasteur said many years ago, 
“Gentlemen, it will be the microbes who say the last word.” 

Mutual Relationships. When two or more organisms live in close 
proximity, they may exert mutually beneficial, indifferent, or antago- 
nistie effects. The terms beneficial association and symbiosis are em- 
ployed to designate mutually beneficial relations, as contrasted to an- 
tagonism and antibiosis, which refer to a reduction in activities as a 
result of the living of organisms in a mixture. While many organisms 
do live in peaceful association, it must be borne in mind that there is 
a competition for food, and in a closed system one organism will in time 
overcrowd the other and may even kill it. Thus organisms that appear 
to live in peaceful association may in time show some degree of antago- 
nistic activity. 

Antagonism may be either one-sided or two-sided. In the first case, 
one species represses a second which is not antagonistic to it. In the 
other case, both organisms tend to repress each other. Under some con- 
ditions a one-sided antagonism may become two-sided while a two-sided 
antagonism may revert to a one-sided relationship. 

It is frequently observed that when heated blood-agar plates are 
streaked with swabs from the throat, colonies of Hemophilus influenzae 
grow more rapidly and to a greater extent in the immediate neighborhood 
of colonies of Micrococcus pyogenes. It has been found that this phe- 
nomenon is due to the production of a diffusible substance (the V factor 
or DPN coenzyme) by the staphylococcus which is essential for the 
growth of the influenza organism and which is deficient in the blood 
medium. Hence, an increased supply of the growth factor enhances the 
growth of H. influenzae. This relationship, which is of benefit only to 
H. influenzae, is frequently called metabiosis. Metabiosis in its broadest 
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sense is considered as the simultaneous growth of one organism on waste 
products of a second with no injury to the latter organism. The term 
is defined as a mode of life in which one organism so depends on another 
that it cannot flourish unless the latter precedes and influences the en- 
vironment favorably. H. influenzae would not be dependent on M 
pyogenes when coenzyme I is present in the medium. In the soil species 
of Nitrosomonas or Nitrosococcus oxidize ammonia to nitrites, and this 
waste product benefits Nitrobacter which requires nitrites as a source 
of oxidizable material. Nitrobacter species may be said to live in 
metabiosis with Nitrosomonas-Nitrosococcus species, but can we say 
that the latter species receive no benefit? Nitrites, which in too high 
concentration could be inhibitory, are removed by oxidation to nitrates, 
which in turn are used by the green plants. (The term commensalism 
is also employed for a somewhat similar relationship. Commensalism 
is that condition in which one organism, not truly parasitic, lives in, 
with, or on another, partaking usually of the same food.) Other exam- 
ples of metabiosis would be the fermentation of grape juice or apple 
juice by yeast, which paves the way for the later development of the 
acetic acid bacteria, and the lactic acid fermentation of milk followed 
by the growth of lactic acid-oxidizing yeasts, or by molds which in turn 
pave the way for the growth of putrefactive bacteria. 

When both members of the association benefit, the relationship is 
called symbiosis. The growth of anaerobic bacteria in the presence of 
aerobic forms is frequently observed. The aerobie species utilize the 
oxygen in the medium and thus create conditions favorable for the 
growth of anaerobes. The aerobes in turn may oxidize waste products 
of the anaerobes, and hence the relationship is reciprocally beneficial. 
Symbiosis between different forms of life is also frequently observed. 
One of the most important symbiotic relationships in the soil is that 
between the nitrogen-fixing rhizobia and leguminous plants. This sym- 
biotie relationship is visually characterized by the formation of nodules 
or tubercles on the root systems of these plants. In these nodules the 
symbiotic nitrogen-fixing bacteria develop, take up nitrogen from the 
air, and the nitrogen becomes available in time to the plant. In return 
the bacteria obtain foodstuffs, and growth factors as well, from the 
plant. In some cases, however, the rhizobia may do marked damage to 
or even kill the plant, and symbiosis is replaced by an antibiotic rela- 
tionship. 

In the intestinal tract of animals there are metabiotic or symbiotic 
relationships between the bacteria and the animal. The bacteria break 
down complex foodstuffs into simpler molecules which can be absorbed 
by the animal. In turn the animal provides a continuous supply of 


foodstuff and an otherwise favorable habitat as well. Manv animals 


THE MULTIPLICATION OF BACTERIA att 


are unable to utilize cellulose as food since they do not possess the 
enzyme cellulase. Cellulose on the other hand can be utilized by a 
number of bacterial species, and products of its degradation will serve 
as food for animals. Cattle on pasturage consume considerable amounts 
of cellulose but are unable to digest it. It is split into simpler units by 
bacteria and other microorganisms living in symbiotic relationship in 
the alimentary tract, and these degradation products are then utilized 
by the cattle. Bacteriologically sterile cattle would be a most expensive 
source of meat! Other beneficial effects also result from symbiotic rela- 
tionships in the ‘alimentary tract. Certain microorganisms may produce 
an excess of vitamins, which becomes available to the animal and hence 
supplements the dietary vitamin supply. Vitamin requirements of ani- 
mals entirely free of bacteria are in some instances greater than those of 
the normal animal. 

Synergism is another term employed in the literature for a form of 
symbiosis. It is frequently observed that gas is produced from a given 
sugar by two species of bacteria growing together when neither species 
in pure culture produces gas from the sugar. The term bacterial syn- 
ergism, or synergistic action, implies that two or more species in asso- 
ciation produce changes which are not produced by either of the organisms 
alone. Synergistic action need not necessarily be a result of a true sym- 
biotic relationship but in many instances could be the result of metabiosis 
(or of commensalism). 

In mixed infections in plants or animals a synergistic action frequently 
becomes evident. For example, inflammatory reactions have been ob- 
served in which the central areas becomes gangrenous. Microscopic 
observation of smears from the extremities of the infected area indicated 
the presence of streptococci in pure culture. In the central gangrenous 
zone, staphylococci were also present. Apparently the streptococcus in- 
vaded the tissues, producing an inflammatory reaction and paving the 
way for the growth of staphylococci. The two organisms in association 
produced a gangrenous condition in experimental animals, but neither 
organism by itself was capable of producing this condition. ; 

R«lationships are not always harmonious in a microbial population, 
and part from competition for food we find antagonisms developing. 
Antagonistic action, or antibiosis, is just the reverse of symbiosis. The 
formation of acids by fermentative bacteria inhibits the growth of putre- 
factive species and is an example of nonspecific antibiosis. In other 
instances, a specific compound may be formed by one species, and this 
antibiotic agent can inhibit or destroy another species. Penicillin, tyro- 
cidin, gramicidin, pyocyanase, and streptomycin are examples of specific 
antibiotic agents produced by molds, bacteria, and actinomycetes, and 
since the organisms producing these agents are widely prevalent in the 
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soil, it would appear that an intense “chemical warfare” may ‘in ‘3 FR 
tinuous progress under natural conditions. In some nL MR ESTE en one 
strain of a species may inhibit growth of another (see Fig. 12-12) 

Many protozoa feed upon bacteria in the soil. Higher forms feed on 
these simpler forms, and throughout nature we see this extreme example 
of antibiosis. But the depletion of any one species tends to produce 





Fic. 12-12. Autoantagonism of Escherichia coli. Nutrient: agar was spot-inoculated 
with three different strains of EF. coli, and after 24 hours’ incubation the plate was 
flooded with a suspension of strain (A). Upon further incubation the growth of (A) 
was not inhibited except in the vicinity of the original colony of strain (C). 


renewed growth of the species, and even antibiosis may not be without 
mutual benefits in the long-range plans of Nature. 

Parasitism may be considered as a mutual relationship between dif- 
ferent species. The term parasite literally means a messmate, but in 
general usage usually signifies one who gets his living from another. The 
term parasite is a broad term including forms of both plant and animal 
life which dwell in or upon another organism called the host. Staphylo- 
cocci are parasitic on the skin and mucous membranes of man and do 
no harm, but once they penetrate and multiply in deeper tissues, they 
damage the host and become destructive parasites, or pathogens. Para- 
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sitism with or without accompanying pathogenicity is widespread in 
nature. 

In any natural habitat there is a continuous struggle for existence 
manifest in many ways. Generally there is a limitation of types rather 
than of numbers of microorganisms in natural habitats such as soil or 
the intestinal tract. Though a wide range of species enter these environ- 
ments, many appear to be unable to survive in competition with the 
established forms, while at times one form may enter and establish itself 
at the expense of other forms. Salmonella typhosa may gain entrance 
to the intestinal tract, multiply, establish itself in great numbers in the 
body, and produce typhoid fever in man. Yet S. typhosa in another 
environment, soil or water, has difficulty in surviving for any length of 
time. Whatever the explanations, the natural habitat controls the pre- 
dominating species and the rate of growth of the organisms already 
present or entering the particular environment. Much remains to be 
learned concerning the behavior of organisms in their natural environ- 
ment in mixed cultures, but much can also be learned from a study of 
the activities of organisms in pure culture. We can hope in time to pro- 
ceed from the relatively simple behavior of an organism in pure culture 
to the complex relationships and interrelationships, the ecology, of natural 
populations. 
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CHAPTER 13 


DEATH OF BACTERIA 


Microorganisms are at times stimulated, inhibited, or killed by physical 
or chemical agents which they encounter in their environment or to 
which they are subjected. This necessarily holds true when they are 
considered to be organized groups of enzymes and other directing agents 
which are chemical in nature and therefore subject to the influence of 
other physical and ¢hemical agents. In addition, the microbial cell pos- 
sesses definite structures with specific functions, and any agent which 
elicits a change in these structures or their functions at the same time 
will be responsible for alterations in the activity of the cell as a whole. 
It is of importance for man to control, in so far as possible, the activities 
of microorganisms, whether this control is the harnessing of these cells 
for useful purposes or control of their detrimental activities. In this 
chapter an attempt will be made to summarize the general knowledge 
and principles concerning the control and destruction of those organisms 
potentially dangerous or destructive to man and his interests and to 
consider briefly certain of the more common agents employed for this 
purpose. 

Definitions. Before discussing general principles involved in the con- 
trol and primarily in the destruction of bacteria, it is necessary to define 
certain terms commonly employed. Considerable ignorance exists con- 
cerning the effect of physical and chemical agents on bacteria, and this 
has led to extensive commercial exploitation of devices or substances 
purported to destroy bacteria. In all fairness it should be mentioned 
that these agents are frequently of value for a specific purpose or under 
carefully controlled conditions but may become of little or no value once 
conditions have been slightly altered. When these agents are to be 
employed successfully and intelligently, one must understand what they 
are, the purposes for which they are intended, what factors influence 
their action, and just what can be expected of them. The terms usually 
employed for the agents intended for the control of destructive microbic 
action, and hence of the organisms themselves, may be defined as follows: 

The term sterilization implies the killing or the elimination of all forms 
of life and may be accomplished by physical or chemical agents which 
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kill all organisms present in or on the material to be sterilized, or by 
their complete removal by physical means, particularly filtration. The 
term samitization, which is employed to an increasing extent in public- 
health work, implies a procedure which renders material safe but not 
necessarily sterile. 

The term disinfectant implies an agent employed for the destruction of 
microorganisms capable of producing an infection. It is synonymous with 
germicide and to a lesser extent with fungicide, bactericide, and viricide, 
the last three terms being applied to the agents utilized against the 
specific groups of organisms indicated by the particular names. In gen- 
eral the term disinfectant should be employed to represent agents in- 
tended for use away from the human host and on inanimate objects, a 
rather arbitrary but actually practical distinction from the term anti- 
septic. The killing process involved is spoken of as disinfection, although 
in common usage the term is not limited to the destruction of pathogenic 
species. 

An antiseptic can be defined as an agent intended for the control of 
infectious agents on epithelial surfaces, on mucous membranes, or in 
superficial wounds. In other words it is a substance that retards or 
inhibits growth or activity of infectious agents but does not necessarily 
produce complete inhibition or death. Certain chemicals in the proper 
concentrations may be employed either on inert matter or on epithelial 
surfaces and in superficial wounds and will destroy the bacteria in the 
latter case with little damage to the tissues of the individual. In such 
a situation the distinction between disinfectant and antiseptic breaks 
down. The term bacteriostatic agent is employed synonymously with 
antiseptic but is broader in that it applies to the inhibition of bacteria 
as a whole rather than of pathogenic microorganisms alone. The term 
preservative means essentially the same as antiseptic or bacteriostatic 
agent but is used to denote an agent employed in food or drink to prevent 
spoilage by microbic activity. 

The term antiinfectious therapeutic agent, or chemotherapeutic agent, 
is used to designate a substance which is designed to act after absorption 
into the circulating fluids. Actually a chemotherapeutic agent can be 
considered to be a chemical employed in therapy of any type (e.g., the 
use of vitamins or hormones), but in bacteriology the term is ordinarily 
limited to substances exerting an antimicrobic action. 

The definitions considered above are not absolute ones, since the 
same agent might in a definite concentration act as a disinfectant, in 
lower concentration as an antiseptic agent, in a still lower concentration 
as a chemotherapeutic agent, and in still lower concentration instead of 
being inhibitory it might actually stimulate the microorganism. This 
suggests that all agents may, in appropriate concentration, be toxic. 
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For example, sugar is a foodstuff for many bacteria, but it becomes 
inhibitory as its concentration is increased. In one range of concentra- 
tions it is a foodstuff, in another range, an antiseptic or preservative, 
and in some instances at least a feeble disinfectant or bactericidal agent. 
All is not so simple as the definitions imply, and therefore we must 
consider the various major factors involved in the destruction of micro- 
organisms, with particular reference to the bacteria. In much of the dis- 
cussion to follow, the term disinfectant will be employed in its broadest 
sense, that of an agent which, in suitable concentration, is capable of 
killing bacteria. 

Historical Development. Early peoples observed that food could be 
preserved over a period of time by drying, salting, smoking, freezing, or 
other procedures, but they had no logical explanation for these various 
practices. The discovery of bacteria by Leeuwenhoek opened a new 
world to investigation, and he did observe that bacteria could be de- 
stroyed by heat. This was put to practical use by Appert in France in 
1807 when he preserved meat or vegetables by packing them in glass 
containers which were stoppered and heated in boiling water. It should 
be mentioned that Appert apparently did not realize that heating tended 
to destroy organisms responsible for food spoilage but believed that heat 
destroyed life-giving properties as- 
sociated with air and food (see dis- 
cussion of spontaneous generation, 
Chap. 1). 

Pasteur observed that “diseases” 
(spoilage) of wine and beer could 
be greatly reduced by heating the 
material for a period of time suf- 
ficient to kill the bacteria, which 
he considered to be the cause of 
spoilage. This observation was 
followed by the development of 
the pasteurization process so com- 
monly employed with milk at the 
present time. Pasteur’s studies 
also led in time to the development 
by Lister in England of antiseptic 
surgery, infection of wounds being 
greatly reduced by the use of ear- 





Fic. 13-1. Lord Lister, originator of anti- bolie acid sprays to destroy the 
septic surgery. bacteria contaminating the wound. 
ars Hence, early in the history of bac- 
teriology attempts were made to control bacteria by physical or chem- 
ical means. . 
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These early observations were entirely practical and exploratory in 
nature and are of most importance in that they suggested possible 
methods for the control of undesirable bacteria. The second period in 
the study of disinfection may be said to start around 1881 with the semi- 
quantitative studies of Koch, in which he employed pure cultures of his 
test organisms and used the absence of growth in subcultures as the 
eriterion of death. Koch observed the relatively strong action of mer- 
curic chloride as a disinfectant, and the reputation of this material as 
a disinfectant and antiseptic dates from these experiments. Geppert 
introduced somewhat better experimental procedures in 1889 to 1891 
and pointed out that the efficacy of mercuric chloride was less than had 
been suggested by Koch’s studies, in which enough mercuric chloride 
was frequently transferred from the test culture to inhibit growth in 
subeultures. Geppert also concluded that the degree of resistance to 
a toxic agent varied to some extent between individuals in the same 
culture. At about the same time Henle recognized the importance of 
temperature control in experimental studies on disinfection and came 
to the conclusion that disinfection must be regarded as a chemical re- 
action between the cell and the poison and must therefore obey the laws 
of chemical reactions. 

The studies of Kronig and Paul around 1897, of Madsen and Nyman 
(1907) and of Chick (1908 to 1910) introduced more quantitative methods 
and may be said to represent the start of modern concepts of the dis- 
infection process. Disinfection was studied under carefully controlled 
conditions with a wide variety of organisms and disinfectants, and mathe- 
matical equations were employed to express the influence of various 
factors on the destruction of bacteria and other microorganisms. A 
voluminous literature on the subject of disinfection has appeared in this 
modern period of study. The process is so complex and so much remains 
to be learned that there is as yet no completely satisfactory general theory 
to explain the various results obtained with different organisms and dif- 
ferent disinfectants under various test conditions. While it is not known 
just how bacteria are killed, yet a great deal is known concerning the 
major factors involved in the disinfection process, and if one remembers 
these factors, it is possible to use disinfectants and related agents more 
intelligently. 


FACTORS INFLUENCING DISINFECTION 


Dead bacteria, as customarily conceived, are bacteria that do not grow 
when transferred to fresh nutrient agar or broth. However, this concept 
of dead bacteria may be fallacious in many instances, since bacteria in 
ecormmon with other forms of life are not necessarily dead or devoid of 
certain vital processes even though incapable of multiplication, Further- 


284 INTRODUCTION TO THE BACTERIA 


more, the nutrient medium employed for the subcultures may affect the 
results, as evidenced, for example, by studies on the destruction of anthrax 
spores with steam. Ten minutes’ exposure to steam resulted in apparent 
death of anthrax spores since no growth was observed when the heat- 
treated spores were transferred to plain broth. In duplicate transfers to 
plain broth and to broth enriched with 3 per cent glucose and 5 per cent 
serum, growth was observed in the latter medium even after exposure of 
the spores to steam for 25 min. In a still richer medium even longer 
preliminary exposures to steam might be required to destroy any possi- 
bility of the spores reviving and germinating. As another example, cells 
exposed to mercuric chloride frequently do not multiply in plain broth 
but often do so after treatment with hydrogen sulfide or other agents 
which precipitate the mercuric ion either before or after the cells are 
placed in the plain broth subcultures. A medium containing thioglycollic 
acid, which reacts with mercury, is frequently employed in studies on 
disinfection involving the mercurials. Death is therefore partially a 
function of the test medium in many studies on disinfection, since cells 
counted as dead on one medium may be capable of multiplication in 
another medium. 

Concentration of Disinfectant. It was mentioned that certain chemical 
agents do not influence the growth or death of bacteria unless present 
in excessive amounts. Other substances in relatively low concentrations 
may stimulate or retard growth or elicit the death of the test organism. 
All degrees of intergradations can be observed depending on the natures 
and on the concentrations of both the chemical agent and the organism, 
as well as upon various environmental factors. Hueppe clearly recog- 
nized this as a general biological principle in 1896 when he concluded 
that every substance which in a definite concentration will kill protoplasm, 
inhibits development in lower concentrations, and in still lower concen- 
trations may act as a stimulant. This principle may be visualized, after 
Marshall, in the form of a disinfectant spectrum, the jagged lines indi- 
cating that no sharp line of demarcation exists between the different zones 
of activity evident with increasing concentrations of the agent (see Fig. 
13-2). Furthermore, the width of the different bands varies with the 
nature of the organism and the disinfectant and with the conditions of 
application. 


Certain substances have relatively narrow ranges of concentrations 


ts {somo J vasin ff ectiad Bae: 


fe) Concentration of disinfectant 100% 


Fic. 13-2. Disinfectant spectrum. [After Marshall and Hrenoff, Journal of Infectious 
Diseases, 61, 44 (1937) .] 
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which are inhibitory to growth, others wide ranges of bacteriostatic ac- 
tivity, and this can lead to trouble in testing the efficacy of an agent, 
particularly in determining when a cell is actually dead. Mathematical 
equations have been developed which predict the influence of the con- 
centration of a given disinfectant on the time required for the destruction 
of bacteria. Without going into the mathematical details involved, one 
equation can be presented which represents the relation between two 
different concentrations, C; and C2, of the disinfectant and the times, 
t,; and fs, required to kill an equal number of cells of the same culture. 
It can be written as 


(1) C,"ty = Cte 


in which the exponent n is a constant specific for a given disinfectant 
and organism under specified test conditions. It is known as the con- 
centration coefficient and can be evaluated from somewhat complicated 
mathematical considerations. The derivation need not be considered 
here, but the practical application can be illustrated. 

Substances such as phenol have a relatively large n value, which means 
that their activity, diminishes rapidly on dilution. The time required 
for disinfection with phenol, which has a concentration coefficient (nv) of 
4 against Salmonella typhosa around 25°C., can be calculated for various 
dilutions with the aid of equation (1). Suppose that phenol in a concen- 
tration of C, kills all bacteria in a time ¢; of 1 min. What time will be 
required to kill all cells when the phenol solution is diluted to a strength 
one-half that of C,? Substitution in the equation and solving for tz gives 
16 min. as the time required for disinfection to be complete. A similar 
calculation for phenol diluted to one-fourth the original strength indi- 
cates a disinfection time of 256 min. The time required for disinfection 
by a substance such as mercuric chloride with a coefficient of 1 is in- 
creased only two and four times, respectively, when the concentration is 
reduced to one-half and one-fourth the original strength. It is readily 
apparent from such calculations that some substances lose their activity 
as disinfectants much more readily on dilution than others, a variation 
which is too infrequently considered in the practical use of disinfectants. 

Time. When a suspension of organisms is exposed to a disinfectant, 
not all the organisms die at once. Death, as judged by the number of 
viable cells remaining in the suspension, is a gradual process of measur- 
able velocity in most instances. Generally, disinfection is considered as 
a process in which bacteria are killed in a reasonable length of time, but 
there is no agreement as to what constitutes a reasonable time for dis- 
infection to be complete. This time is frequently determined on the basis 
of practicability under a given set of conditions. A consideration of the 
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rate of multiplication and of death of hypothetical cultures in the presence 
of different concentrations of a substance exerting bactericidal action 
permits some clarification of the concept of bactericidal and bacterio- 
static action. In Fig. 13-3 increases or decreases in numbers of viable 
bacteria with progressing time are plotted as straight lines to simplify 
the discussion to follow. 
The normal rate of growth is indicated in the figure by a heavy line. 
The growth rate is increased 
Stimulates . slightly in a low concentration of 
the agent, but once this stimu- 
latory range has been passed, the 
rate of growth decreases with in- 
crease in concentration of the 
added agent. It is at least theo- 
retically possible to consider that 
a concentration can be attained 
at which the rate of growth is 
equal to the rate of death over a 
period of time, these rates prob- 
ably being zeuwo. In such a case 
a state of complete bacteriostasis 
would exist, i.e., complete inhibi- 
Time tion of growth, but at the same 
Fic. 13-3. Influence of the concentration of | time no death of the organisms 
a chemical agent on the growth and death jn the suspension during the test 
of bacteria. [After Marshall and Hrenoff. . . ; : 
Journal of Infectious Diseases, 61, 45 period. Further increases in con- 
(1937) .] centration of the disinfectant nat- 
urally result in the death of some 
organisms in each unit of time, and eventually a concentration is estab- 
lished at which death ensues in a reasonable length of time, true dis- 
infection. Actually it is possible to consider that any rate of growth 
less than zero represents germicidal action while any rate greater than 
zero but less than normal represents bacteriostatic activity. Death of 
all organisms is essential, for example, in the canning industry, but the 
development of some degree of bacteriostasis could be worth while in 
the treatment of an infected wound, since a slight degree of inhibition 
of the bacteria might be sufficient to enable the body to cope with the 
invading parasite. It is also possible that higher concentrations of the 
disinfectant would interfere with the defense mechanisms of the body 
without at the same time killing all the invading organisms. 
To return to a consideration of time relationships alone, it is known 
that in general when a particular culture is exposed to a definite con- 
centration, generally an excess, of a deleterious chemical agent, and even 
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though the organisms and the disinfectant are uniformly and thoroughly 
mixed, not all the organisms die at once. The decrease in numbers of 
viable organisms occurs gradually, generally the number dying during 
any period of time being a constant fraction of the number living at the 
beginning of that period. In other words, the rate of death is propor- 
tional, under a given set of conditions, to the numbers of living bacteria 
present at that time. In a previous chapter we considered that during 
the logarithmic period of growth the rate of growth is directly propor- 
tional to the numbers of bacteria present at that time. The same equa- 
tion developed for the rate of growth of bacteria [equation (11), Chap. 
12] applies to the rate of death with the exception that it is generally 
written as 
2.303. Bo 


2 iKo= log — 
2) ey? 





in which K represents the death rate or disinfection constant, By the 
number of viable bacteria at the beginning of a period of time ¢, and B, 
the number of survivors at the end of that period of time. 

Equation (2) applies quite closely to the death of bacteria in the 
majority of quantitative studies on the disinfection process, although 
some deviations are frequently observed. Let us first consider the “nor- 
mal” behavior when a suspension of bacteria is exposed to a lethal con- 
centration of a physical or chemical agent. Assume that we have a 
suspension containing 1,000,000 viable bacteria per milliliter and that 
K has a numerical value of 2.303 (for ease of calculations). On sub- 
stitution of these values in equation (2) and solving for B; at the end of 
1 min., we find that there are 100,000 survivors. Similar calculations 
would give 10,000 at the end of 2 min., 1,000 at 3, 100 at 4, 10 at 5, 
1 at 6, and 0.1 at the end of 7 min. The latter figure is not as absurd 
as it appears, since it is statistically significant, 0.1 survivor per milli- 
liter meaning 1 survivor per 10 milliliters. One milliliter of a canned 
product might appear to be sterile on such a basis; yet there would be 
sufficient survivors in the can to contaminate the foodstuff. These re- 
sults are plotted in Fig. 13-4 on an arithmetical scale, a semilogarithmic 
one, and as a distribution curve. 

In the first graph in Fig. 13-4 it is apparent that disinfection is an 
orderly but gradual process reaching completion as time progresses. The 
distribution curve indicates that a definite and constant percentage af the 
survivors is killed per unit time, and this is corroborated by the straight- 
line relationship obtained when logarithms of viable bacteria are plotted 
against time. While this logarithmic relationship holds in most instances, 
deviations are at times observed, particularly in the early and in the late 
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Time 


Fic. 13-4. Plots of survivors, logarithms of survivors, and numbers of cells killed per 
unit of time against time. The curves indicate three different ways of plotting the 
same data from disinfection studies. 


stages of the disinfection process. One explanation is that these devia- 
tions are a reflection of differences in the resistance of individual cells, a 
few being highly susceptible, others highly resistant, while the majority 
are fairly uniform in their susceptibility to the agent. This explanation 
is not entirely satisfactory, but a consideration of all the major ideas con- 
cerning the discrepancies from a logarithmic death rate would lead us 
into discussions of an advanced nature. The main point to bear in mind 
is that disinfectants are not capable of producing miracles of destruction 
and that disinfection reaches completion under ideal experimental con- 
ditions only after a lapse of time, the length of time being dependent on 
a number of factors. No wonder disinfection is hard to accomplish in 
practice by the informed, let alone the uninformed, individual! 
Concentration of Organisms. In ordinary practice a disinfectant is 
employed in considerable excess, and the concentration of organisms 
within reasonable limits has little influence on the time required for 
disinfection. Let us consider the difference in time required to reduce 
the number of viable bacteria to a concentration of 1 per milliliter, given 
two suspensions of the same organism differing only in that one sus- 
pension contains 10,000,000 and the other 1,000,000 cells per milliliter, 
Substituting in equation (2) and again assuming a value of 2.303 for K, 
we would find that there would be 1 survivor per milliliter in the first 
suspension at the end of 7 min., while 1 viable cell would remain at the 


end of 6 min. in the second suspension. Increasing the concentration of 
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cells 10 times only increased the time of disinfection by 1% times. In 
actual practice the value of K may vary somewhat with the initial popu- 
lation, and a markedly different value for K could greatly increase the 
time required to kill larger numbers of bacteria. The same would hold 
true if the disinfectant were not employed in excess. 

Temperature. High temperatures by themselves are lethal to bacteria, 
but temperature also influences the disinfection process before the lethal 
range is entered. At low temperatures, a 10°C. increase in temperature 
generally doubles the rate of a chemical reaction, and within limits the 
same statement holds true for the death of bacteria. In other words, 
with a given concentration of disinfectant the time required for disinfec- 
tion is approximately halved by a 10°C. increase in temperature. 

As the temperature is increased further, it by itself exerts a toxie or 
inhibitory action, and further increases result in death of the cells, the 
death rate frequently increasing to a much greater extent than doubling 
for each 10°C. increase in temperature. This can be expressed mathe- 
matically for a given organism under definite test conditions, but the 
reasoning is a bit complex and will not be presented here. It has been 
observed that the rate of death of vegetative bacteria around 55 to 66°C. 
may even double with each 1°C., rather than 10°, increase in tempera- 
ture. In Chick’s studies, for example, it was observed that 5,000,000 
typhoid bacilli could be killed in 20 min. at 55°, in 1 to 2 min. at 60°, 
and in 12 sec. at 65°. This lethal action of heat will be considered further 
in discussions on sterilization. 

Nature of the Organism. No set rules or mathematical equations can 
be advanced to describe or predict the influence of the nature of the 
organism, of the medium, or of the disinfectant on disinfection. How- 
ever, certain generalizations can be made with some degree of safety. 
Morphological structures such as capsules and spores, the chemical com- 
position, and the general biological properties of the organism do pro- 
foundly influence the effectiveness of any physical or chemical agent 
employed as a disinfectant. Within a species the resistance to a dele- 
terious agent can vary with the age of the culture, with its past history, 
and from strain to strain of the species. There are also many examples 
ef increased resistance being established within a species on continued 
exposure to sublethal doses of the germicide. Certain species are fre- 
quently more susceptible than other species to a particular agent, this 
behavior being taken into account in the preparation of selective media. 
Some organisms are influenced to a greater extent than others by tem- 
perature, pH, and other changes in the environment in which disinfection 
is attempted. As a general rule, bacterial endospores are much more 
resistant to physical and chemical agents than are the parent vegetative 
cells. These general statements suggest that the effective use of disinfect- 
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ants requires an understanding of the nature of the particular organism 
or organisms which one wishes to destroy. : 

Nature of the Medium. It is well established that extraneous organic 
matter generally reduces or may even abolish the germicidal action of 
a given agent in a concentration which by itself would be lethal. A 
typical experiment indicated that the time required to kill all organisms 
in a bacterial suspension was 7 min. and was increased to 14, 39, and 62 
min., respectively, when serum was added to give final concentrations of 
10, 20, and 30 per cent. Frequently the organic matter reacts directly 
with the disinfectant and thereby reduces the effective concentration of 
the latter. In a few instances the added organic matter may exert a 
stimulating influence on the bacteria, which at least in part counter- 
balances the efficacy of the disinfectant. 

Next in importance to organic matter is the acidity or alkalinity of 
the medium, the concentration of hydrogen or of hydroxyl ions markedly 
influencing the action of many disinfectants. Chlorine, for example, is 
a much less efficient disinfectant in alkaline solutions than in acidic ones. 
Acriflavine has been shown to have good antiseptic properties and fair 
disinfectant action in vitro, even in whole blood with its high organic 
content. It proved to be relatively inactive in vivo, since the circulating 
blood is considerably more acidic than that which has stood in the test 
tube. Many other examples of the influence of hydrogen ions could be 
cited. It must also be borne in mind that other ions can alter the ef- 
ficiency of a disinfectant. The chloride ion, for example, reduces the 
efficacy of mercuric chloride, a common-ion effect suppressing the dis- 
sociation of mercuric chloride and reducing the concentration of the 
active mercuric ion. Salts too, in nontoxic concentrations, may influence 
the results; sodium chloride, for example, promotes the destructive action 
of phenol by tending to decrease the solubility of phenol in water and 
increasing its solubility in bacterial protoplasm. Water itself also in- 
fluences the disinfection process, the lethal action of heat or of ethyl 
alcohol decreasing as the concentration of water is decreased. 

The situation becomes even more complicated when an attempt is 
made to use an antiseptic concentration of a germicidal agent on local 
tissues. Not only do the various factors considered thus far influence 
the results, but here toxicity to the tissue cells must also be taken into 
account. Sometimes a slight amount of damage to the tissues may be 
a price worth paying to rid the wound of infection, but this holds ‘true 
only within narrow limits. 

Nature of the Disinfectant. It should be apparent by this time that 
there are no particular types of substances that can be classified as dis- 
infectants. Probably all chemical agents can exert a deleterious action 
when present in appropriate concentrations. Water itself is no exception, 
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since many cells are disrupted when suspended in pure water. For all 
practical purposes a chemical agent is considered as a disinfectant if it 
ean kill bacteria in a reasonable length of time and in a concentration of 
the agent suitable for practical purposes. This implies that inhibition 
or death of bacteria can be induced by a wide variety of agents and as a 
result of different types of chemical reactions. 

Chemical agents active as disinfectants, antiseptics, or preservatives 
can be classified as (1) salts of heavy metals, (2) halogens, (3) acids 
and alkalies, (4) miscellaneous, and (5) organic compounds. The latter 
group of compounds can be subdivided in a number of ways owing to 
the wide diversity of molecular structures encountered in the numerous 
compounds of carbon. 

Classification of bactericidal or germicidal agents on the basis of the 
nature of the substance is worth while for purposes of discussion, but 
classification on the basis of mode of action of the compound can be of 
even more value. This latter classification soon leads into difficulties, 
since one substance may react in more than one way and in many in- 
stances the mode of action is unknown. However, five general types of 
action can be suggested as follows: 


1. Oxidation of cellular constituents 

a. Halogens: chlorine, bromine, and iodine 

b. Potassium permanganate 

c. Hydrogen peroxide 

2. Hydrolysis of cellular constituents 
a. Strong acids and alkalies 
3. Modification of the permeability of the cell membrane or of protoplasm 

a. Unfavorable ratios of essential ions, e.g., Ca/Na 

b. Protein-denaturing agents, such as salts of the heavy metals, alcohols, phenolic 
compounds, etc., and physical agents, particularly heat and light 

4. Mechanical disruption by plasmolysis 
a. Strong brines or sirups 

5. Chemical union with or adsorption by vital cellular constituents such as essential 
metabolites, enzymes, genes, etc. 

a. Potassium cyanide, an “iron poison” 

h. Salts of the heavy metals. [As indicated under 3, these substances may act as 
protein-denaturing or -precipitating agents in general, but they can also act 
specifically, mercuric ions, e.g., reacting with essential sulfhydryl (—SH) groups. ] 

c. The sulfa drugs 

d. Antibiotic agents 


It is apparent that a wide variety of physical and chemical agents can 
be employed for the destruction or control of microorganisms, that these 
substances ean react in a number of ways, and that many factors influence 
the action of these agents. Numerous theories have been advanced to 
explain the modes of action of disinfectants and related agents (or con- 
centrations thereof) and of the lethal or inhibitory processes. These are 
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discussed in detail in the more advanced texts and in specialized books 
or reviews, while we have considered only a rather generalized and some- 
what chemical aspect of the situation. Until a completely satisfactory 
theory has been advanced, it will be necessary to base intelligent use of 
disinfectants upon trial methods under conditions closely related to their 
intended use and with reference to the general principles considered here. 
Most progress along such lines has been made in the use of heat as a 
sterilizing agent in the canning industry or as a destructive agent for 
disease-producing bacteria in milk, and in the physical and chemical 
purification of water supplies. Considerable progress is also being made 
at the present time in the development and use of chemotherapeutic 
agents, but here, as is true for antisepties in general, not one but actually 
two types of organisms must be considered, the parasite and the host. 


THE EVALUATION OF GERMICIDES 


The desire to express the germicidal activity of various agents on a 
numerical basis has led to the development of numerous procedures, 
most of which are based on the phenol-coefficient method developed by 
Rideal and Walker in 1906. Any such test enables one to list compounds 
in the order of their germicidal activity based upon an arbitrarily selected 
standard and procedure. One major drawback to such a listing is that 
the position of the compounds in the list will shift with alterations in 
procedure and in test organisms, and this shift may be very pronounced 
when the agent is employed under the varied conditions encountered in 
everyday life. 

The Phenol Coefficient. The principles of this test remain much the 
same in the various procedures in use, but different organisms, test con- 
ditions, and times can be employed. Only one procedure, suggested by 
the U.S. Food and Drug Administration, will be outlined here. A 24-hr. 
culture of a particular strain of Salmonella typhosa is exposed under 
rigorously controlled conditions to the action of different dilutions of 
phenol and of the test agent for 5, 10, and 15 min. Transfers are made 
to nutrient broth at the end of each of these three intervals of time, and 
the subcultures are incubated for 48 hr. (see Fig. 13-5). ( The phenol 
coefficient is calculated by dividing the highest dilution of the test germi- 
cide killing the test organism in 10 min., but not in 5 min,, by the cor- 
responding dilution of phenol. Assume that a 1:100 dilution of phenol 
killed (no growth in subculture) in 10 min. exposure but not in 5 min., 
while a 1:225 dilution of the test disinfectant elicited the same results, 
The phenol coefficient would be 225499, or 2.25. All that this value 
actually means is that, under the conditions of the test, 2.25 times as 
much phenol as the test disinfectant would be required on a unit-of-mass 
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Fic. 13-5. Results of a phenol-coefficient test. A 1:100 dilution of phenol killed the 
test organism during 10- but not during 5-min. exposure, as indicated by the sub- 
cultures Ph, made after 5, 10, and 15 min. A 1:225 dilution of disinfectant X killed 
in the same time period, as indicated by subcultures X. Phenol coefficient of X is 
225/100 = 2.25. 


basis to kill the cells in a defined volume of a 24-hr. culture of S. typhosa. 
Employ a different organism or different conditions, and the phenol co- 
efficient for the test germicide could have a markedly different value. It 
has already been pointed out that the nature of the disinfectant and of 
the medium employed for subcultures may influence the results of such a 
test. Also, no consideration is made of the influence of the concentration 
coefficient n previously considered. This agent, if it has a lower value 
of n than phenol, will be more effective on equal dilution, and if a 20-min, 
test period were employed, its phenol coefficient might be of the order of 
10 or 12. 

This discussion points to the difficulties encountered in expressing on 
a numerical basis the relative merits of a group of agents having germi- 
cidal activity but possessed of widely diverse physical and chemical prop- 
erties. It leads to the conclusion that the only safe test of an agent is 
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to determine how satisfactory it is under the conditions in which it is to 
be employed, bearing in mind the general principles involved in disinfee- 
tion and borrowing when possible from the experience of others. A sum- 
mary of such experience, compiled from the data and observations of 
numerous workers, will be presented at the end of this section. 

Miscellaneous Tests. Additional methods of testing disinfectants and 
antiseptics are in use and have both merits and demerits as compared to 
a phenol-coefficient test. One method consists in soaking filter papers in 
a suspension of the test organism, after a given time the papers are re- 
moved and placed in appropriate dilutions of the disinfectant. After a 
suitable time the papers are transferred to broth and subcultures im- 
mediately made to reduce the bacteriostatic effect of any adhering dis- 
infectant. Two or more agents can be compared, with each other and 
with an arbitrary standard.such as phenol. 

In another method the disinfectant is placed in a hole cut in, or a tube 
placed on, the surface of nutrient agar freshly inoculated with the test 
organism. The width of the area around the disinfectant in which no 
erowth is evident after suitable incubation gives an indication of the 
bactericidal and bacteriostatic activity of the agent under these condi- 
tions. The test gives an idea of the relative strength of different agents 
and of their relative penetrating power in agar, but the results are rather 
difficult to compare with each other on a numerical basis. This method 
is also employed in determination of the concentration of penicillin and 





Fic. 13-6. Cup-plate method for comparison of germicidal action of different agents 
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other antibiotics. A similar method for the evaluation of the antiseptic 
properties of salves and similar water-insoluble vehicles is to note the 
width of the zone of inhibition of bacterial growth around a sample of 
the material placed on the inoculated agar. Other bacteriostatic tests 
have also been suggested, and in general they consist of variations in 
methods of determining the highest dilutions of an agent capable of 
restraining or preventing the growth of the test organism under particu- 
lar conditions. 





Fic. 13-7. Paper-disk method for the determination of the concentration of penicillin 
in asolution. The different sizes of the zones of inhibition of bacterial growth are due 
to differences in the amount of penicillin in the paper disks. The same type of a test 
is also employed for determining the sensitivity of a species to different antibiotics. 
(Courtesy of Eli Lilly and Co.) 


Amongst the more recent tests proposed for the evaluation of anti- 
septies are ones proposed by Salle and by Bronfenbrenner. In the test 
proposed by Salle the efficiency of germicides is evaluated by testing 
them for their effect on the growth of living embryonic tissue and of 
bacteria. A toxicity index is determined on the basis of the ratio of 
the highest dilution of the disinfectant showing no growth of tissue to 
the highest dilution of disinfectant showing no growth of bacteria on 
subculturing each following 10 min. exposure at 37°C. to the disinfectant 
in the presence of a definite amount of organic matter. As an example, 
iodine in a 1:650 dilution was lethal to tissues and in a 1:3,520 dilution 
to staphylococei. Dividing 650 by 3,520 gives a toxicity index of 0.2 for 
iodine; in other words, approximately five times more iodine was re- 
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quired to kill the tissues than the bacteria. Phenol, with an index of 2.0, 
is twice as destructive to tissues as it is to bacteria, under the conditions 
of the test. With Salmonella typhosa as the test organism the toxicity 
index was 0.2 for iodine and 1.2 for phenol, indicating differences in 
toxicity of some agents against different organisms, but identical indices 
were obtained in other cases. Additional values will be given later. 
Toxicity indices suggest the relative efficiency of chemical agents intended 
for use as antisepties, a low value indicating greater action against bac- 
teria than against tissue cells. While it does not follow that an antiseptic 
with a low toxicity index will be harmless to tissues, the index does sug- 
gest a range of concentrations in which the agent would exert inhibitory 
power against the bacteria without causing too much damage to the 
tissues. 

The test proposed by Bronfenbrenner is based on similar lines, with the 
exception that inhibition of oxygen consumption rather than of growth is 
employed as an indicator of lethal action. Still other tests involve the 
inhibition of phagocytosis, of development in the fertile egg, and of the 
development of infections in intracutaneous lesions in an animal host. 
All these tests aim at more efficient determinations of the possible efficacy 
of an agent to be employed in contact with living tissues for the control 
of invading or established microorganisms. They do provide additional 
data at least qualitatively, if not exactly quantitatively, significant in 
character. 

The evaluation of chemotherapeutic agents requires even greater care, 
since they enter the circulating fluids of the body. It must be determined 
that the agents exert a bactericidal or at least bacteriostatic action, and 
the agents must be tested not only for general tissue toxicity but also for 
numerous pharmacological properties. Such tests run far afield from 
general bacteriology. 

We have seen that no single, completely reliable method exists for the 
determination of the germicidal values of a variety of agents against 
different bacteria expressed with respect to any one standard substance. 
Of necessity, one must still determine the efficacy of an agent under the 
conditions in which it is to be employed. It is worth while to stress again 
that disinfectants in general are not miracle workers and that death of 
microorganisms is a gradual process, accelerated in rather definite rela- 
tionships by increases in temperature and 1n concentration of the disinfect- 
ant, but often subject to the retarding influence of organic matter and 
to some extent of extraneous inorganic matter as well. A consideration 
of disinfectants and of disinfection in a general way might well conclude 
with a list of the factors desirable in an “ideal” disinfectant. Such a list 
could read as follows: 
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. Active in low dilution 
. Low tissue toxicity, if employed as an antiseptic 


wo = 


3. Freedom from undue species specificity 
4. Efficient in the presence of organic matter 
5. Low coefficient of dilution 
6. Low temperature coefficient 
7. High power of penetration, i.e., low surface tension 
8. Rapid in action, a high K value 
9. Sufficiently soluble, stable, and homogenous 
10. Chemical compatibility, e.g., lack of corrosive action 
11. Low cost 


A fortune awaits the.individual who discovers an agent fulfilling these 
requirements! 


PRACTICAL METHODS FOR THE DESTRUCTION 
OF MICROORGANISMS 


The development of methods for the destruction or control of patho- 
genic microorganisms or of organisms responsible for food spoilage has 
been one of the major contributions of microbiology to public health. It 
helped to bring about the development of modern surgical techniques; it 
helps in preventing the spread of contagious diseases; and it has made 
possible the preparation and preservation of perishable foodstuffs on a 
mass-distribution basis together with ensuring palatable and at the same 
time safe supplies of water and milk. The development of chemothera- 
peutic agents, particularly in the last decade, has made possible more 
efficient treatment of individual infections and in the long run more 
effective control of the spread of infectious agents. It is possible to 
consider here only some of the more prominent methods and materials 
employed for the control of the destructive action of microorganisms. 


PuysicAL AGENCIES 


Heat. The agent most commonly employed for the destruction of 
microorganisms is heat. Fire itself destroys all forms of life, but it is 
hard to control and has limited application. In the laboratory it is 
employed for the sterilization of inoculating needles, but even here there 
are disadvantages. Rapid heating frequently causes material adherent 
on the needle to sputter, and organisms are discharged into the environ- 
ment before they have been destroyed by the flame. Infections have 
resulted from this use of the free flame, and the technique must be care- 
fully employed when working with pathogenic forms. 

Dry heat is commonly employed for the sterilization of glassware in 
Death is a more gradual process in the absence of water 


the laboratory. e 
nt of the cells, and experience has shown that it 1s neces- 


in the environme 
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sary to hold the materials to be sterilized at a temperature in the neigh- 
borhood of 160°C. for 114 hr. to ensure sterility. This means that the 
material to be sterilized, not just the oven, must reach that temperature 
and be maintained at that temperature if sterilization 1s to be complete. 
The same holds true for any method in which heat is employed, since it 
is necessary for the heat to penetrate into every portion of the material 
to be sterilized: and many substances do exhibit considerable activity as 
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Fic. 13-8. Illustration of a con- Fic. 13-9. Illustration of an 
stant-femperature incubator. Hot- autoclave for the steriliza- 
air ovens for the dry sterilization tion of media or bandages. 
of glassware are similar in general (Cowrlesy of the Wilmot 
appearance but are more ruggedly Castle Co.) 

constructed for operation at higher 

temperatures. (Courtesy of the 


Wilmot Castle Co.) 


insulators. The hot-air oven commonly employed for dry-heat steriliza- 
tion is similar in construction to the oven used in the home for baking 
purposes. 

Moist heat is employed more commonly than dry heat as a sterilizing 
agent because of the more rapid rate of death at a given temperature in 
the presence of moisture. It is not commonly employed for glassware 
because the sterilized material in this instance needs to be dry. Three 
types of application are in common use: boiling, exposure to a stream of 
steam, and steam under pressure greater than atmospheric with conse- 
quent increased temperature. 

Boiling is a common procedure, particularly for sanitization, and at 
the boiling point of water vegetative cells of bacteria are killed within a 
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matter of seconds. Actually, if a suspension of bacterial cells is heated, 
all cells would be killed before the boiling point is reached. Spores are 
more resistant and may resist boiling for an hour or longer. To ensure 
sterility, it is therefore necessary to subject the material to be sterilized 
to a higher temperature. This is done by exposing the material to steam 
under pressure. At a pressure 15 lb. greater than atmospheric, a tem- 
perature of around 120°C. is developed, and under these conditions both 
spores and microorganisms are killed in 15 to 20 min., provided again 
that these biological agents themselves are at that temperature and are 
exposed directly to the steam. Sterilization under steam pressure is car- 
ried out in the laboratory in an autoclave, and a similar type of equip- 
ment, but on a much larger scale, is employed in the canning industry. 
Flowing or live steam is not confined in a tightly closed container, and 
since its temperature is approximately 100°C., death is a more gradual 
process than at the higher temperatures developed with steam under 
pressure. It is employed to reduce the danger of chemical breakdown 
of the material to be sterilized but is not particularly effective against 
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Partial sterilization, or pasteurization, 1s carried out by heating the 
material at a temperature near 60°C. for 30 min., this time and tempera- 
ture being sufficient to destroy the common pathogenic forms. Spores 
will not be destroyed in this procedure, and certain vegetative forms will 
likewise survive. The thermophilic bacteria, in fact, will thrive at this 
temperature. 

Two indices of thermal resistance of bacteria and spores to killing 
have been used. These are the thermal death point, defined as the tem- 
perature at which the test organisms are killed in ten minutes, and the 
thermal death time, the time required for disinfection at a given tem- 
perature. Knowledge of thermal death times is of particular value in 
the canning industries. Withdrawal of heat, 1e., refrigeration, is not par- 
ticularly destructive to most species of bacteria, but cold does inhibit 
the growth and activity of bacteria, and for that reason materials stored 
at low temperatures will not be decomposed rapidly by microbie action. 
Temperatures below freezing are more conducive to death of bacteria but 
some cells may survive. 

Light. By light is meant that region of the spectrum of wavelengths 
or frequencies to which the human eye is sensitive (red to blue light) and 
the regions immediately adjacent thereto, the infrared and ultraviolet 
bands. Different portions of the light spectrum of frequencies have dif- 
ferent effects on the bacteria, the 
very short or ultraviolet rays being 
by far the most destructive. The 
destruction of bacteria by ultravi- 
olet light is quite rapid, provided 
that all the bacteria can be ex- 
posed for a period of time to light 
of sufficient intensity. Since ultra- 
violet light is readily absorbed. by 
ordinary glass, water, and many 
materials, it is absolutely essential 
to provide for direct contact of the 
bacteria with the light. Attempts 
to sterilize water or milk with 
Fic. 13-11. An illustration of the germi- ultraviolet rays are generally un- 
cidal activity of ultraviolet light. The a : 
agar in the petri dish was heavily inocu- satisfactory on a large scale be- 
lated and then exposed to the light from C@use of the absorption of light by 


a mercury lamp, the central heart-shaped these agents, and also because of 
portion being blocked from the rays by pees, 
a piece of paper. 





the cost of a satisfactory apparatus 
| and procedure. Numerous instal- 
lations of ultraviolet lights have been made in schools, offices, and public 
buildings in recent years in attempts to reduce the air-borne spread of 
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infectious agents. The value of such a procedure is still under test. 
There is no doubt that ultraviolet light in the region around 2,200 to 
2,600 angstrom units is bactericidal, but the bacteria must come into 
contact with the light and absorb sufficient quanta of energy to ensure 
the death of the exposed cells. Death, elicited by this or any other 
agent, is controlled by the principles discussed earlier in the chapter. 
One drawback to the use of ultraviolet light is its action on the skin 
if exposure is continued over too long a period of time and to a much 
greater extent its action on the eyes. Even a short exposure of the eyes 
to ultraviolet light of moderate intensity is sufficient to evoke an inflam- 
mation known as conjunctivitis. The use of glasses or goggles which 
absorb ultraviolet light greatly reduces this danger. 

Osmotic Pressure. High osmotic pressures are generally markedly 
inhibitory to most bacteria and in many instances do exert a slow but 
definite bactericidal action. The salting of meats, storage of foodstuffs 
in strong brines or sirups, and partial dehydration are methods employed 
for the production of high osmotic pressures and consequent reduction of 
spoilage brought about by microbic action. 

Filtration. Some materials cannot be sterilized by heat or other 
agencies without undergoing marked alteration in their physical and 
chemical properties. Such materials in solution are frequently sterilized 
by filtration, a process in which microorganisms are removed by physical 
and chemical properties of the filter. Filters commonly employed in the 
laboratory for the sterilization of media or of serums, enzyme prepara- 
tions, toxins, and other heat-labile (destroyed by heating) agents are 
constructed of clay, diatomaceous earth, plaster of paris, asbestos, sin- 
tered glass, or collodion. 

On a large scale, filtration is most commonly employed for the purifi- 
cation of water supplies and for the removal of bacteria from treated 
sewage. Such filters, usually composed of layers of sand and gravel, 
do not completely sterilize water, but an efficient filter will remove the 
majority of the bacteria present. In addition to a physicochemical re- 
moval of the bacteria by the filter itself, other organisms, in particular, 
protozoa, aid in the removal of the bacteria by utilizing them as food. 
This will be considered further in the chapter on water bacteriology. 

Recapitulation of Physical Methods. Summarizing practical applica- 
tions of physical agents commonly employed for sterilization of various 
materials or for greatly reducing the numbers of bacteria, the following 
tabulation may be useful: 


Combustion: Sterilization of inoculating needles. Destruction of contaminated, 
combustible material such as bandages and refuse 

Dry heat: Sterilization of glassware 

Boiling: Contaminated material in the home, in particular dishes and linens (sani- 
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tization). Syringes and needles. Surgical instruments, particularly those with a 


cutting edge 

Free steam: Laboratory media containing somewhat unstable components 

Steam under pressure: Culture media and solutions. Discarded cultures. Surgical 
instruments and supplies, such as bandages, gauze, gloves, and gowns. Also bed- 
ding and other contaminated cloth. (A special autoclave with a vacuum attach- 
ment for drying the material sterilized is commonly employed.) 

Heating below 100°C.: Pasteurization of milk and fruit juices. Preservation of sera 

Ultraviolet light: Destruction of bacteria in air. Limited applications for special 


purposes 

Osmotic-pressure effects: Preservation of foodstuffs 

Filtration: Sterilization of media and special materials. Partial purification of water. 
Removal of bacteria from suspensions of filtrable viruses. 


CHEMICAL AGENCIES 


Salts of Heavy Metals. Mercurie chloride (bichloride of mercury, or 
corrosive sublimate) is a powerful germicide under favorable conditions. 
It is irritating to the skin, corrosive to metals, a strong poison if taken 
internally, and its action is greatly reduced by the presence of protein- 
aceous matter. Its use is primarily limited to scrubbing the hands. and 
arms and to the disinfection of small glass and rubber articles, e.g., clin- 
ical thermometers and catheters. For this purpose a concentration of 
1:500 or 1:1,000 is commonly employed. Mercuric iodide appears to 
have an activity similar to the chloride and is possibly somewhat less 
corrosive or irritating. Because of the efficacy of mercury ions as disin- 
fectants, numerous organic compounds containing mercury (such as 
Merthiolate) have been developed in attempts to reduce the undesirable 
characteristics associated with mercuric chloride. 

Various compounds of silver are germicidal, silver nitrate being com- 
monly employed. It is effective in concentrations of 0.1 to 1.0 per cent 
applied on the skin and on mucous membranes, but it does have a cau- 
terizing effect. Its toxicity index (Salle, p. 295) with staphylococei is 
1.8, with typhoid bacilli 0.11. A few drops of 1.0 per cent (1:100) silver 
nitrate should be placed on the eyeballs of every newborn child to pre- 
vent the possible development of gonococeal infection of the conjunctiva. 
(Penicillin is also effective for this purpose.) Any irritating effect can be 
prevented to a considerable extent by subsequent washing of the silver 
salt from the eyes with the aid of physiological saline. Silver is some- 
times incorporated into organic compounds to reduce its cauterizing ac- 
tion. In combination with proteins, in preparations such as Argyrol, the 
germicidal activity remains fairly high, and the toxicity indices are 
similar to those for silver nitrate itself. ; 

Finely dispersed or colloidal metallic silver has been suggested for use 
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as an antiseptic or disinfectant, owing to the oligodynamiec action of 
heavy metals. This term suggests the toxic effect of extremely minute 
amounts of heavy metals on living organisms. Silver does exert a marked 
bactericidal or oligodynamic action which can be readily demonstrated 
(see Fig. 13-12) in the laboratory by placing a silver coin in the middle 
of agar in a pour plate. Growth of bacteria such as Z. coli will be pre- 
vented in a fairly large area around the coin, and around this area of 
inhibition or death of bacteria can be noted a ring of stimulated growth 
(Hueppe’s law!). Silver utensils have a bactericidal action as evidenced 
by studies of Burrows on the possi- 
ble transmission of bacteria by use 
of a common communion cup made 
of silver. A similar but weaker 
effect is noted with copper. Copper 
salts are not as bactericidal as silver 
salts, but they are lethal to many 
species of algae in a concentration 
of one part in many million parts of 
water. Copper sulfate is frequently 
employed to control the growth of 
algae in water supplies. Sprays 
containing copper salts, such as bor- 
deaux mixture, are widely employed — yg. 13-12. An illustration of the oligo- 


for the control of fungus infections dynamic action of silver. Note the 
in orchards. absence of growth in the area immedi- 
. ately surrounding the dime in the pour 

Other heavy metals or their salts plate of Escherichia coli. 


are not employed to a great extent 

as bactericidal agents, although salts of bismuth and of arsenic have 
high activity against certain spirochetes and trypanosomes and, together 
with mercury compounds, are used in the treatment of infections pro- 
duced by these microorganisms. 

Halogens. Chlorine is used extensively as a disinfectant for the treat- 
ment of drinking-water supplies, sewage, and water in swimming pools. 
It is also used to some extent in water for washing dishes in public 
places and for a variety of sanitary procedures. For large-scale use 
chlorine is commonly employed in liquid form; for smaller operations 
compounds liberating chlorine are more readily available. The mecha- 
nism of the bactericidal action of chlorine appears to be primarily one of 
oxidation, although direct chlorination of amino groups in proteins may 
also play a part. Chlorine reacts with water to give hydrochloric and 
hypochlorous acids, the latter compound acting as a strong oxidizing 
agent, according to the following reactions: 
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Cl, + H,0 — HCl + HClO 
2HCIO — 2HCl + O2 


Calcium chlorohypochlorite (bleaching powder) or sodium hypochlorite, 
the most common substitutes for liquid chlorine, react In a manner similar 
to chlorine, generating hypochlorous acid in reactions which can be repre- 
sented as 


2CaCl(OCl) + 2CO2 + 2H20 — CaCl, + Ca(HCO3)2 + 2HCIO 
and 
NaOCl + CO. + H2O — NaHCO; + HClO 


Compounds (chloramines) containing active chlorine attached to a nitro- 
gen atom in —NH» or ==NH groups, one or more hydrogen atoms of 
which have been replaced with chlorine, also react in a similar manner. 
Ammonia is frequently added to water to be treated with chlorine, re- 
acting with the latter to yield chloramines. Chloramines are decomposed 
with the formation of hypochlorous acid at a slower rate than when 
chlorine or salts of hypochlorous acid are employed alone, and although 
the bactericidal action is decreased to some extent, the activity 1s 
extended over a longer period of time. Chloramines in general are some- 
what less irritating to the eyes than chlorine itself, and for this reason 
chlorine plus ammonia is frequently employed in the treatment of 
swimming-pool water. Similar substitution compounds of ammonia, in 
which one of the hydrogen atoms is replaced by an organic molecule, e.g., 
chloramine-T and dichloramine-T, 


CH3 CH3 

| 

iaeseey | 
Chloramine-T Dichloramine-T 


are frequently employed as antiseptics in the treatment of infected 
wounds. Their toxicity indices he below 0.5. 

Chlorine is effective in extremely small amounts, not more than 0.5 to 
1.0 part per million parts of water being sufficient to destroy all the 
common bacterial pathogens in a water supply if the organic content of 
the water is not high and if there is a residual chlorine concentration of 
0.1 parts per million 20 minutes after chlorination. The protozoan 
agent, Endamoeba histolytica, of amoebic dysentery and many viruses 
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are more resistant to chlorine than are the bacteria, and such agents of 
infectious disease may survive in chlorinated water supplies. 

The sodium and calcium salts of hypochlorous acid are as effective as 
chlorine, but they do tend to break down spontaneously on storage, and 
their effective chlorine content is thereby reduced. Care, therefore, must 
be employed to use sufficient material to obtain an effective chlorine 
concentration. 

Tincture of iodine, a 2.0 per cent solution of iodine in an alcoholic 
solution, is commonly employed as a household antiseptic for the treat- 
ment of minor wounds and in the surgery for the attempted disinfection 
of the site of an operation. The in vitro tests of Salle and coworkers 
indicate a very low toxicity index, 0.2, with both staphylococci and 
typhoid bacteria as the test organisms. Tincture of iodine is a handy 
agent for use on camping trips, both for use as an antiseptic and in the 
treatment of suspected drinking water. It has been found that two drops 
of tincture of iodine per quart of water will render most doubtful waters 
safe for drinking purposes in ¥% hr. 

Acids and Alkalies. The bactericidal action of most acids depends to 
a considerable extent upon the concentration of hydrogen ions produced 
therefrom. Since a high concentration of acid is required to develop a 
low pH, the use of acids as disinfectants is greatly limited. Borie acid 
is used to some extent as an antiseptic in eye washes, but its bactericidal 
and bacteriostatic properties are extremely limited. 

The strong alkalies such as potassium hydroxide are bactericidal 
against most species of bacteria, Mycobacterium tuberculosis being an 
important exception. Fresh unslaked lime (CaO + H.O + Ca(OH)s) is 
also fairly effective and is frequently employed in the disinfection of 
excreta. The use of either acids or alkalies is limited by their destruc- 
tive action on many materials. 

Organic Compounds. Phenol (carbolic acid) is one of the oldest com- 
monly employed disinfectants. Its use is rather limited at the present 
time although it is fairly effective in the disinfection of excreta, if em- 
ployed in 5 per cent concentration. It has been replaced to a consider- 
able extent by cresols, which are more effective disinfectants but which, 
as a result of their low solubility in water, must be employed as emul- 
sions. Lysol, a trade name for a linseed-soap emulsion of cresols in 
water, has a phenol coefficient of 5. Both phenol and the cresols have 
toxicity indices in the neighborhood of 2.0. Lysol, in 2 per cent solution, 
is commonly employed in the laboratory as a disinfectant for washing 
the hands and for pipettes, slides, and similar contaminated glassware 
before the latter are placed in the autoclave for sterilization. Emulsions 
of orthohydroxydiphenyl (O-syl) also have a high phenol coefficient and 
less pronounced odor, and may be used in place of Lysol. 
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Ethyl (grain) alcohol is used to a limited extent as a disinfectant, par- 
ticularly in swabbing the site of an injection or operation and in con- 
tainers for clinical thermometers. Its bactericidal effect is generally 
stated to be most pronounced in 60 to 70 per cent concentration in water, 
too little water markedly reducing its efficiency. Recent studies suggest 
that 95 per cent alcohol may be most effective. The toxicity of alcohols 
against bacteria increases with their molecular weight. Ether has some 
germicidal action, being more inhibitory to bacteria than viruses. This 
renders it of some value as an agent for use in the purification of viruses, 
since it can be employed for the extraction of lipoidal material and at 
the same time it destroys bacterial contaminants. 

Certain organic mercurials—Mercurochrome, Metaphen, and Merthio- 
late—have value as antiseptics or preservatives for biologicals such as 
serums and vaccines. The disinfectant power of Mercurochrome appears 
to be greatly overrated, while Merthiolate and Metaphen seem to be 
rather effective agents. The latter two are employed for the disinfection 
of skin and of implements and as antiseptics in minor injuries. They 
appear to have greater bacteriostatic properties than many other com- 
mon antiseptics and for this reason difficulties are encountered in evalu- 
ating their actual worth as disinfectants. They are less irritating than 
inorganic mecury compounds such as mercuric chloride. Against 
Salmonella typhosa the toxicity indices (Salle) are 0.4 and 1.6 for Meta- 
phen and Merthiolate, respectively. The corresponding values with 
Micrococcus pyogenes var. aureus as the test bacterium are 1.5 and 
greater than 169. 

Soaps in general appear to be fairly effective germicidal agents, and 
in addition their cleansing properties aid in the mechanical removal of 
bacteria. Soaps, like the synthetic detergents, can be classified as 
surface-active agents. If a substance becomes oriented and concentrated 
at the boundary or interface between two systems, e.g., between a layer 
of oil and one of water, it brings them into more intimate contact. Such 
substances are known as surface-active agents and they promote wetting 
and penetration. If the substance promotes and stabilizes the dispersal 
of one substance in another, it is called an emulsifier. Soaps and deter- 
gents may act both as surface-tension—reducing agents and as emulsifiers. 
Some medicated soaps appear to be more effective than ordinary soaps 
as disinfectants. 

Many of the synthetic detergents are anionic compounds, ionizing in 
water to give negatively charged organic ions such as RSO,~, a substi- 
tuted sulfonic acid. The cationic detergents generally are quaternary 
ammonium salts, R,NCl where the R groups are the same or different 
organic radicals. Their ions are positively charged and are capable of 
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neutralizing the action of the negatively charged soap and detergent 
ions. A number of the cationic agents appear to possess marked germi- 
eidal activity even in high dilutions. They are readily adsorbed by 
negatively charged bacteria, and the end result appears to be a deposi- 
tion of a layer of the wetting agent over the surface of the cell. This 
eventually leads to death of the cell, but there is evidence that actual 
death in many instances occurs at a very slow rate. When employed 
under conditions in which the adsorbed layer may later be set free, e.g., 
by soaps, their germicidal value is greatly reduced. This is another 
illustration that the criteria for distinguishing between living and dead 
bacteria are by no means satisfactory, and suggests that these agents 
may be bacteriostatic rather than bactericidal in action in high dilution. 

The wetting agents, like soaps, greatly reduce the surface tension of 
aqueous solutions, and this enables the agents to penetrate into cracks 
and crevices relatively inaccessible to ordinary solutions. This power 
of penetration increases their value as antiseptics and disinfectants. 
Soap, or detergents, and hot water remain of great value in sanitization 
around the home, in the kitchen, the laundry, and the bath. 

Many dyestuffs are relatively strong germicidal agents, although they 
tend to be rather selective in their action (see Fig. 13-13). Gentian 
(crystal) violet is commonly employed as an antiseptic or bacteriostatic 
agent against the gram-positive cocci. Acriflavine and proflavine are 
two dyes claimed to be more effective antiseptics than gentian violet, 
and they have been employed to a limited extent in local chemotherapy. 

Formalin (a solution of formaldehyde in water) is a fairly effective 
germicide, but its odor and irritating characteristics markedly limit its 
use. Formaldehyde gas is employed to some extent as a fumigant, but 
for it to be effective, the humidity of the air must be relatively high, 
again indicating the importance of water in disinfection. The aerosols, 
exceedingly fine droplets of materials such as propylene glycol which 
exert bactericidal action when suspended in the air, may have some 
value as fumigants but appear to be most effective as bactericidal agents 
for use in the control of air-borne infectious agents. 


CHEMOTHERAPEUTIC AGENTS 


There is no exact definition of chemotherapy, and use of the term here 
will be confined to the employment of chemical agents produced outside 
the animal body and generally introduced into the circulating fluids of 
animals in an attempt to inhibit or destroy the causative agent of a 
specific disease. It is not therapy in the broad sense of the term in that 
the agent does not necessarily have any healing properties. Attention 
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Fic. 13-13. Contact prints illustrating the selective action of gentian violet on gram- 
positive bacteria. Growth of a gram-positive species (lower half of the plates) was 
completely inhibited by 1:1,000,000 but not by 1:5,000,000 gentian violet, while 
gram-negative species grew in the presence of both concentrations of the dve 


au 
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is focused primarily on the relationship between the parasite and the 
drug, the host being considered for the most part only. in regard to the 
toxicity of the drug. 

In early medicine, herbs were the main source of therapeutic material, 
definite chemical compounds being introduced in relatively recent times. 
One of the earliest specifics was mercury or mercury compounds, which 
were introduced for the treatment of syphilis in the sixteenth century. 
Quinine as a specific for malaria was introduced into Europe in the 
seventeenth century. In both cases the microbie origin of the diseases 
was not recognized, with the result that in neither was therapy on a 
rational basis. 

With the establishment of the germ theory of disease, as a result of 
the studies of Pasteur and of Koch, interest began to develop in the 
possibility of the destruction, with the aid of specifie chemicals, of the 
causative microorganism within the body. Paul Ehrlich reasoned that 
there are specific groups or “receptors” on the cell, and if these groups 
could be blocked or inhibited, the resultant damage would lead to the 
death of the cell. If a pathogenic bacterium possessed a group entirely 
different from any on the cells of the host, then the possibility existed 
that a compound could be found which would react specifically with that 
group. This would lead to inhibition or death of the parasite with little 
or no damage to its host. The hope of chemotherapy by competitive 
inhibition of enzymes is that a similar enzyme is not present in, or at 
least is not essential for, the normal functions of the host. 

An arsenic-containing compound, atoxyl, was shown by Thomas in 
1905 to be of value in the treatment of trypanosome infections of mice. 
This led Ehrlich to test the possibilities of organic arsenicals as chemo- 
therapeutic agents against syphilis, and he synthesized and tested many 
new compounds. The 606th compound to be tested (1909) was sal- 
varsan, and it was found to be fairly effective in the treatment of the 
disease. Thousands of other compounds were tested in various labora- 
tories to determine their possible value as “magic bullets,” but only a 
few of these were found to have any value as internal “disinfectants.” 
The problem appeared hopeless until the discovery of the chemothera- 
peutie properties of the dye prontosil by Domagk in 1935. It was soon 
found that prontosil broke down in the animal body with the formation 
of p-aminobenzenesulfonamide (sulfanilamide) and that this compound 
was the effective agent in the treatment of streptococcal and other infec- 
tions. Attempts were made at once to alter the structure of the sulfanila- 
mide molecule in the hope of obtaining more effective chemotherapeu- 
ticals. This led to the discovery of sulfapyridine, sulfadiazine, and 
other sulfa drugs, all chemical derivatives of sulfanilamide. 
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The Sulfa Drugs. The sulfa drugs vary somewhat in their action 
against different bacteria and in their toxic properties towards the 
animal body. In general they have proved to be most effective against 
infections produced by the gram-positive and gram-intermediate cocci, 
e.g., staphylococci, streptococci, pneumococci, and gonococci. Unfortu- 
nately these organisms, and in particular the gonococeci, tend to become 
resistant to the sulfonamides on exposure to sublethal amounts of the 
drugs, and the drug-fast strains so produced no longer respond to amounts 
of the drug that can be tolerated by the host. 

The sulfonamides are primarily bacteriostatic rather than bactericidal 
in their action, and Woods demonstrated that p-aminobenzoie acid 
(PAB), which was later shown to be an essential substance or “essential 
metabolite” for many different types of cells including mammalian, vir- 
tually abolished the bacteriostatic action of sulfanilamide. The action 
of the sulfa drugs is believed by many workers to be the result of inter- 
ference with the function of PAB in the cell, in other words, competitive 
inhibition of an essential enzyme system or reaction (the jamming of 
a lock by a key which does not fit perfectly). This is supposed to be 
due to the structural similarity between the metabolite and the drug, a 
similarity apparent from the following structural formulas: 


SO2N He COOH 
| | 
7 [ 
NH» NH, 
Sulfanilamide p-Aminobenzoic acid 


The entire story is not known as yet, but the speculations and work on 
the problem may lead to the development of more and better chemothera- 
peutic agents. It appears that the major effect of the sulfa drugs is to 
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inhibit the synthesis of a particular structure (pteroyl) needed by the 
bacteria and other forms of life. These pteroyl compounds are syn- 
thesized with p-aminobenzoic acid as one of the intermediate compounds, 
and they are related to the growth factor folic acid. Bacteria requiring 
pteroyl compounds or folie acid preformed in the culture medium are 
relatively insusceptible to the sulfa drugs. For further reading in this 
interesting field the student should refer to the recent reviews by Dubos, 
MelIlwain, Lourie, Hotchkiss, and others and to a historical treatment 
by Galdston. 

Antibiotics. A two-sided antagonism exists in an infectious disease, 
the invading parasite exerting a destructive action on the host and the 
host in turn attempting to neutralize the deleterious effects of the para- 
site. Specific chemical agents may be liberated by the parasite to aid in 
its attack on the host. Likewise a similar situation may exist in nature 
when one organism tries to gain an ascendancy over another in its en- 
vironment. This suggests a possible purposiveness on the part of a micro- 
organism which may not actually exist. At least it is known that some 
organisms do produce substalices inhibitory to the growth of others. 

Pasteur observed as early as 1877 that the infectivity of the anthrax 
bacillus was at times reduced by the presence of a second bacterium. 
This suggested to his inquiring mind the possibility that antagonistic 
action of this sort might eventually be employed in the treatment of 
infectious diseases. Around the beginning of this century it was ob- 
served that Pseudomonas aeruginosa (B. pyocyaneus) produced a prod- 
uct, termed pyocyanase, which was inhibitory to the growth of a number 
of species of bacteria. This material appeared to have chemotherapeutic 
possibilities, but its use was found to be limited by its toxicity to man, 
Other antibiotics were demonstrated in ensuing years, but the possibility 
of their use in chemotherapy appeared remote until the discovery in 1939 
of tyrothricin by Dubos. This material was found to be composed of 
two fractions, gramicidin and tyrocidin, the latter possessing local chemo- 
therapeutic properties but being too toxic for general internal use. 

Fleming’s discovery of penicillin in 1929 came as the result of his ob- 
servation that an accidental mold contaminant on an agar plate culture 
of staphylococci inhibited and finally destroyed the staphylococci in its 
vicinity. The antibiotic or antagonistic activity of this fungus, Penicil- 
lium notatum, was traced to the elaboration by the mold of a soluble 
material which Fleming called penicillin. The addition of this material 
in erude form to culture media suppressed the growth of gram-positive 
and allied forms but had little effect on the true gram-negative bacteria. 
Limited tests suggested that penicillin might have possibilities as a 
“magic bullet.” . 

With the development of the sulfa drugs and the increased need in 
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Fic. 13-14. Influence of streptomycin on the growth of Bacillus subtilis. Part (A) 
represents the inoculum of (B) subtilis on agar adjacent to a colony of Streptomyce 8 
griseus; (B) is the same field two days later, showing evidence of the lytic activity of 
streptomycin; and (C) shows growth away from the antibiotic. (Photomicrographs 
by A. C. Lonert, courtesy of General Biological Supply House, Inc., Chicago.) 


wartime for bactericidal agents to prevent or counter bacterial infections 
of wounds, attention was again turned to penicillin in 1939 by a group 
at Oxford under the leadership of Florey. Their tests produced evidence 
of its possible value as a chemotherapeutic agent, and in the following 
years its value has been amply demonstrated. (The mass production of 
penicillin is a miracle of modern microbiology and will be considered 
under industrial applications. ) 

Numerous other antibiotic agents have been discovered, and the search 
is still in progress. Most of these agents are too toxic to man to be of 
value as chemotherapeuticals. At the present time streptomycin (or 
dihydrostreptomycin), elaborated by Streptomyces griseus, appears to 
be the most promising, after penicillin. The tetracyelines—tetracycline 
(Achromycin or Tetracyn), chlortetraeyeline (Aureomycin), and OXy- 
tetracycline (Terramycin)—are of considerable value and tend to have a 
wider range of antibacterial activity than penicillin. Chloramphenicol 
(Chloromycetin, which can be prepared synthetically), bacitracin, neo- 
mycin, polymyxin B and E, and erythromycin are other antibiotics of 
value in the treatment of various bacterial infections. One trouble en- 
countered in the clinical use of an antibiotic is the development of 
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resistant mutants. These variants, however, are generally susceptible 
to other antibiotics. At times, mixtures of antibiotics are employed in 
chemotherapy or, in the case of tuberculosis, an antibiotie—strepto- 
mycin—may be employed in conjunction with a relatively simple anti- 
tubercular drug, isoniazid. A few agents have been isolated that may 
serve in the treatment of fungal infections, but more work is required 
before their value is established. It is remarkable that these agents have 
been found and their value in therapy established during a very short 
period of time. The antibiotic industry has grown by leaps and bounds, 
in about ten years, to the point where in 1954 more than 2,000 tons of 
antibiotics were produced in the United States; these products have a 
market value of over $250,000,000. It is of biological interest that many 
of the antibiotics are most active against gram-positive bacteria, indi- 
cating a fundamental difference between the gram-positive and the gram- 
negative forms. 

In the treatment of an infectious disease it is important that the causa- 
tive agent be isolated and its sensitivity towards antibiotics be determined 
by laboratory tests. Paper disks (see Fig. 13-7) are available commer- 
cially for these tests. Staphylococci, for example, were generally. sus- 


TABLE 13-1. Some Common DISEASES AND ANTIBIOTICS OF CHEMOTHERAPEUTIC VALUE 
AGAINST THEIR CAUSATIVE AGENT 
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ceptible to penicillin, but many penicillin-resistant strains have developed 
or may arise during the course of penicillin treatment. This can be 
indicated by sensitivity tests, which also enable the physician to select 
the antibiotic most active against the causative agent. 

Chemotherapy and Demography. Lourie has pointed out that the ad- 
vances in chemotherapy and in sanitation in recent years have led to the 
potential control of human infectious diseases on a mass scale. These ad- 
vances in turn are reflected in better control of diseases of lower animals 
and to a lesser extent of those of plants. Lowering of the death rate 
of the human population by control of infectious diseases increases the 
longevity of man and in turn the population to be supported in a given 
area. Chemotherapy and modern sanitation may well play an increas- 
ingly large part not only in the relief of suffering but also in the aggrava- 
tion of some of mankind’s most serious problems, the supplying of the 
basic needs of man. Solving some of our problems, it creates new ones. 
Advances must keep apace in the treatment or prevention of diseases of 
plants and animals necessary to fulfill the nutritional requirements of 
their parasite, man. 
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CHAPTER 14 


MICROBIAL VARIATIONS 


Microorganisms, like all other forms of life, are subject to change. In 
the early days of bacteriology, one school of thought postulated that a 
rapid and almost unlimited variation could occur in a single species. At 
times it predominated in the form of a rod, as a coccus, or as a curved 
form. There is little doubt at the present time that many of these “varia- 
tions’’ were due to mixed cultures or to contamination of supposedly pure 
cultures, but many of the early investigators were strongly convinced of 
the pleomorphie character of bacteria. This concept of pleomorphism 
was defended by von Nigeli, who suggested in 1877 that all bacteria be- 
longed to one species, which could exist in a variety of forms. The develop- 
ment of pure-culture techniques by Koch made more accurate studies of 
bacteria possible and in time led to the development of the Cohn-Koch 
concept of monomorphism or the fixity of species. The concept that a 
given species maintains its physiological and morphological character- 
isties with great constancy dominated the field of microbiology for many 
years, even in spite of observations such as those of Pasteur, who had 
shown that Bacillus anthracis decreases in virulence and loses its power 
of sporulation when cultivated at 42°C. 

In old cultures or in cultures developing under abnormal conditions, 
many workers observed involution forms, cells markedly different in ap- 
pearance from the forms observed in cultures 24 to 48 hr. old, and the 
doctrine of monomorphism in time had to be limited to organisms culti- 
vated under a given set of conditions, it being admitted that a few cells 
might undergo nontransmissible changes in size or form. Nevertheless, 
differences in morphology, pigmentation, colonial form, virulence, and 
biochemical properties were frequently observed even under carefully 
controlled conditions, and by 1915 the doctrine of fixity of species became 
untenable. It is now recognized that a bacterial species, isolated in pure 
culture from a single cell, may undergo variation, transient or permanent, 
but that these variations are subject to natural laws. Transient varia- 
tions occur with age of the culture or with the nature of the environment 
as two important controlling factors. More permanent, transmissible 
variations appear to occur spontaneously and to be genetically controlled, 
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although our knowledge of the genetics of bacteria is primarily by analogy 
with that of higher forms. However, transmissible variations may also 
be induced artificially. 

Variations of Bacteria during Growth. Numerous experimental ob- 
servations have definitely established that variations occur which are 
definitely linked with the age of the culture. Quite frequently it is stated 
that these variations occur with age of the cells, but it is difficult to estab- 
lish the actual age of a cell. Let us consider two cells which have just 
been formed as a result of binary fission of the parent cell. Are these 
cells infants which may mature in a matter of minutes and within 20 to 
30 min. give rise to a total of four new infants? Later when there are 
1 million cells in the culture derived from the original cell, are the 2 mil- 
lion cells at the moment of fission of their parent cells of the same age 
as the two cells first considered? Or do bacterial cells age only after they 
cease multiplying in the culture? 

The cells of early generations of many bacterial species cultivated 
under favorable conditions are markedly different from those of genera- 
tions produced as the population nears its maximum. The mean cell 
volume increases during the lag period of growth and reaches a maximum 
near or early in the logarithmic period of growth. Cell volume then 
decreases as logarithmic growth continues and reaches a minimum value 
by the time the growth rate markedly decreases. Along with changes in 
cell size may also be noted marked and generally parallel changes in 
metabolic activity per cell (see Fig. 12-5), whether one measures food or 
oxygen consumption or the production of metabolic wastes such as carbon 
dioxide, ammonia, or heat. Cells from young cultures exhibit quite uni- 
form staining properties and a more marked affinity for basic dyes, the 
latter along with reduced agglutinability by acids and a lessened electro- 
negative charge, suggesting that the over-all isoelectric point is more on 
the acid side than that of cells from older cultures. The earlier genera- 
tions are capable of adapting themselves to a change in their diet more 
readily than older generations, but on the other hand these same cells 
have less resistance to inimical agents such as salts, phenol, dyes, or 
marked temperature changes. Sherman and Albus, Henrici, and others 
have developed the concept that cells of these early generations are 
“physiologically young” and that the properties observed during the early 
part of the growth curve are to a great extent the result of the embryonic 
nature of the bacteria at this time. 

With increasing age of the culture there is a continuous decrease in 
the amount of available energy and of essential building material per 
cell and at the same time an increase in the concentration of waste 
Cctv an wah fol Papa 
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in part be a response to the environment rather than being due to actual 
age of the cells alone. The environment is continuously changing as the 
bacteria grow in a culture, and it could be that the cells truly age only 
after they cease to multiply. 

In old cultures there is no doubt that cells may alter in their mor- 
phology, and in other properties as well, with increasing age of the cell, 
but at the same time there are less pronounced changes occurring in the 
nature of their environment. Involution forms become readily apparent 
with many species of bacteria, some such as Corynebacterium diphtheriae 
producing club-shaped cells many times larger than the average cell, 
others such as species of Rhizobium assuming the form of stars, crosses, 
and bizarre forms of various sorts. At one time it was strongly believed 
that the rhizobia went through a definite life cycle. Banded rods ob- 
served in older cultures, or in the root nodules on leguminous plants, 
were believed capable of liberating small, nonmotile cocci which could 
increase in size, develop flagella, and assume an ellipsoidal form. This 
latter form was said to elongate and become vacuolated, the chromatin 
dividing into a number of bands which in time escaped in the coccoid 
form from the rod and began the cycle anew. More recent studies raise 
doubt as to the existence of such a life cycle, the banded condition being 
caused by the deposition of fat in the cells, which restricts and com- 
presses the cytoplasm. The small coccoid and oval cells are produced 
by fission during periods of restricted growth and hence are to be con- 
sidered as a response to aging and environment rather than as any par- 
ticular stage in the development of the culture. Similar pathological 
changes may be observed in other forms of life. This problem, how- 
ever, needs further study before a definite conclusion is established. 

Specific Adaptive Variation. When an organism such as Listeria mono- 
cytogenes is cultivated on a blood-agar slant, it gives rise to the devel- 
opment of relatively small and fairly uniform cells, flagellated only in 
the early logarithmic period of growth. On cultivation in the presence 
of glucose under partial conditions of anaerobiosis, this organism shows 
marked variation in morphology, existing as long rods and exhibiting 
manv curved forms (see Fig. 14-1). On transfer back to blood agar, the 
“normal” form of the species is again observed. Here we may observe 
marked variation in flagellation with age of the culture, in morphology 
with variation of the culture medium. Escherichia coli, grown on 
Sabouraud agar, is quite filamentous in appearance (see Fig. 14-2) as 
compared with cells from ordinary agar. i 

Many bacteria, as we have seen, are capable of multiplying under a 
wide range of conditions, tolerating marked changes in either the phys- 
‘eal or chemical nature of their environment. In some instances, little 
or no change in the biochemical or morphological properties of the cells 
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Fic. 14-1. Variation in morphology of Listeria monocylogencs from blood agar (A) 
compared with cells grown under semianaerobic conditions in a dilute agar-glucose 
broth (B). 


A i er B 
Fig. 14-2. Variation in morphology of Escherichia coli grown on plain agar (A) and 
on Sabouraud agar (B), pH 5.6. 


is observed; in other instances, such as the case cited above, marked 
changes may be observed. The elongated form of rod-shaped bacteria 
is probably due to an internal force disposed along the long axis of the 
cell, which opposes the rounding influence of surface tension. When the 
surface tension of a medium is lowered by the addition of a surface- 
tension depressant such as sodium ricinoleate, an organism such as 
Escherichia coli in young cultures may exhibit very long, filamentous 
forms. The addition of calcium chloride to the medium increases sur- 
face tension to a slight extent, and the cells become shorter and more oval 
in appearance than when cultivated in ordinary broth. Inorganic ions 
exert a wide variety of effects, the concentration of iron in the medium 
markedly influencing toxin production by Corynebacterium diphtheriae. 
Other ions at times influence capsule formation, sporulation, type of 
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colony produced, etc. Increased salt concentration, or the addition of 
phenol to the medium, inhibits or prevents the formation of flagella by 
Proteus species. The loss of flagella results in the production of a more 
diserete colony, the O form, and a difference in the antigenic structure 
of the cells as compared with the normally flagellated cells, which give 
rise to spreading, or H, colonies. Certain of the effects produced by altera- 
tions of the environment may be specific, others nonspecific in character. 

The enzymic constitution of bacteria may undergo wide variation in 
relative amounts or in actual constituent enzymes with change in the 
environment. Azotobacter is able to grow in the presence of ammonia 
when molybdenum and vanadium are absent from the culture medium, 
but this genus is unable to fix atmospheric nitrogen and grow in a medium 
devoid of nitrogenous compounds in the absence of the above inorganic 
elements. The addition of one of these elements to the medium enables 
the organism to fix nitrogen and to grow. Other inorganic elements affect 
the production or activity of other enzymes, magnesium being essential 
for the zymase complex, calcium for the production of gelatinase, iron 
for the production of the a toxin of Clostridiwm perfringens, oxygen for 
pigment production by Serratia marcescens, and the production of certain 
toxins by staphylococci is markedly affected by both the oxygen and the 
carbon dioxide tension of the environment. 

The ability of Penicillium notatum to produce penicillin is markedly 
influenced by the nature of the medium, penicillin production on a large 
scale becoming economically feasible when it was observed that the sub- 
stitution of lactose for sucrose and the addition of corn steep liquor to 
the culture medium markedly increased penicillin formation. At the 
same time it must be pointed out that individual strains vary markedly 
in their ability to produce penicillin in.a given medium, thus suggesting 
that in nature a species may be continuously undergoing change. 

Certain enzymes are always present in a given species although their 
relative amounts or activity may vary. Other enzymes appear only 
as a result of the addition of a different foodstuff to the culture medium. 
There are, of course, limits to the range of enzymes which a given species 
may produce, and the resultant metabolic behavior is utilized in the 
classification of bacteria, but unfortunately these limits are not always 
definitely known, and many’of the now-recognized species may be variant 
strains of one species. Two brothers adapted to entirely different diets 
mav exerete somewhat different waste products, but they are still of the 
same species! ee 

The normally occurring enzymes are commonly known as constitutive 
enzymes; the group appearing as the result of a response to the environ- 
ment are known as adaptive enzymes. Karstrom, in 1930, clearly dem- 
onstrated that a lactic acid bacterium, Leuconostoc mesenteroides, in 
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washed suspensions was always capable of fermenting glucose regardless 
of the presence or absence of glucose in the original culture medium. 
Washed suspensions of the same organism were unable to ferment lactose 
unless lactose had been present in the original culture medium. When 
the organism was cultivated in the presence of lactose, it readily fermented 
lactose, and glucose as well. But when the lactose-fermenting cultures 
were passed through lactose-free media again, they lost their power to 
ferment lactose. Karstrom concluded that the enzymes involved in the 
fermentation of glucose are always present in the strain of bacteria he 
studied; hence they are constitutive enzymes, while the lactose-fermenting 
enzymes, which appear only as a response to the presence of lactose in 
the culture medium, are adaptive enzymes. From his studies, summarized 
in Table 14-1, it is apparent that the enzymes involved in the fermentation 


TABLE 14-1. ADAPTION OF Leuconostoc mesenteroides TO THE FERMENTATION OF 
VARIOUS SUGARS * 
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of glucose, fructose, mannose, and sucrose are constitutive enzymes, while 
those fermenting galactose, lactose, maltose, and arabinose are adaptive 
enzymes. Note that the galactose enzyme appeared when the cells were 
cultivated in the presence of lactose, lactose being hydrolyzed with the 
formation of galactose and glucose molecules, and that maltase is 
formed in sugar-free broth. Many of the adaptive enzymes appear to be 
hydrolyases. 

This work was soon confirmed and extended to other organisms. In 
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those instances where enzymes are apparently produced as the result of 
a specific response to the addition of a particular substrate to the culture 
medium, there are three general explanations. These are (1) adaptation 
by the selective growth of organisms in the culture potentially capable 
of forming the particular enzyme, (2) impression of a new but transient 
character on the cells as an adaptive response to the nature of the en- 
vironment, and (3) the liberation of a suppressed character. It has now 
been demonstrated that adaptive enzymes can be formed in the absence 
of detectable cell multiplication, but not necessarily in the absence of 
protoplasmic growth or change. Adaptive formation of enzymes might 
be protoplasmically controlled and therefore not transmitted to offspring 
produced in the absence of the enzyme-inciting substrate. The possibility 
exists with respect to adaptive enzyme formation that the substrate mole- 
cule serves as a pattern or template for the protoplasmic modification of 
a somewhat similar enzyme or enzyme precursor, or for the production of 
the enzyme by means of a somewhat labile synthetic system. There are 
certain analogies in this respect between adaptive enzyme formation and 
the formation of antibodies in the animal body. It should be borne in 
mind that adaptive enzyme formation occurs only within certain limits, 
and these limits may well be genetically controlled. 

Adaptive enzymes appear and disappear readily with specific changes 
in the environment. Other adaptive changes may appear fairly rapidly 
and readily but frequently tend to remain as a more permanent charac- 
teristic of the organism. For example, staphylococci may be quite sus- 
ceptible to the action of sulfanilamide, but when cultivated in the presence 
of sublethal amounts of it, they may become highly resistant to this drug. 
This enhanced resistance has been demonstrated to be due to the produe- 
tion of p-aminobenzoic acid by the resistant strain. This apparently en- 
hanced production may simply be an alteration in the metabolic activities 
of the cell of such a nature as to produce more of this particular substance 
than is normally involved in the activities of the cell. In many instances 
this increased productivity is carried through many transfers in sulfa-free 
nutrient media. In other cases this adaptation to growth in the presence 
of normally inhibitory or lethal doses of an inhibitory drug is not actually 
or relatively permanently impressed as a characteristic of the cell. This 
behavior is of considerable importance in chemotherapy of infectious 
diseases such as gonorrhea, the gonococcus being susceptible to the action 
of sulfanilamide. It was believed that the incidence of gonorrhea might 
be markedly reduced by the therapeutic use of the sulfa drug. A con- 
siderable number of cases was treated with success, but in a number of 
individuals, strains highly resistant to sulfanilamide developed and _ be- 
came disseminated throughout the population, thus reducing the efficacy 
of this type of medication. This phenomenon of increased resistance or 
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drug fastness is one of the big stumbling blocks frequently encountered 
in chemotherapy. 

Oddities are at times encountered as the result of the development of 
enhanced resistance to a chemical agent. Strains of meningococci and 
other bacteria have developed on exposure to streptomycin which now 
require small amounts of this drug for growth, the original strains being 
susceptible to the action of streptomycin. Also, a variant of the mold 
Neurospora crassa has been isolated which requires sulfanilamide for 
growth and is poisoned by p-aminobenzoic acid. Actually the p-amino- 
benzoate is toxic to this variant strain, the sulfanilamide counteracting 
the toxicity of the former substance. 

Many believe that growth in the presence of an inhibitory agent results 
in the selection of cells which for some reason have an increased resistance 
to the deleterious agent. Yet increased resistance to one agent does not 
necessarily imply that the selected cells will have any greater resistance 
to a second inhibitory agent than that possessed by the original culture. 
Sometimes increased resistance to related agents is observed, sometimes 
increased resistance to widely different agents, and at other times specific 
resistance. It may be that a chance alteration is occurring in the genetic 
apparatus of a few cells, the resulting resistant forms being derived not 
from cells originally more resistant than their fellows but from cells which, 
as a result of a greater degree of plasticity, were able to develop this 
specific resistance—transient or permanent—by means of some relatively 
slight change in their genetically controlled metabolism. This may be- 
come more evident from a consideration of “biochemical mutants.” There 
are many factors involved, and in time different answers may be found 
for different observed phenomena of drug fastness. This brief discussion 
is presented to emphasize that bacteria are susceptible to change and that 
in our thinking we must consider them as plastic rather than as fixed 
agents. The power of adaptation is one of the characteristics of life! 

Variation and Natural Selection. Closely related to but not identical 
with adaptive enzyme formation is the phenomenon of the natural selec- 
tion of a strain of a given species best adapted to growth in a particular 
environment. This type of variation was independently described by 
Neisser in 1906 and by Massini in 1907 in studies with an organism which 
in all respects except inability to ferment lactose appeared to be Escheri- 
chia col. When this organism was streaked on Endo agar (nutrient agar 
plus lactose plus fuchsin-sulfite indicator), the colonies which developed 
in 24 hr. were colorless, indicating that lactose was not fermented. On 
longer incubation small red knobs (papillae) developed on the white 
colonies. When subcultures were made from these red secondary colonies 
to lactose agar, red colonies developed as growth was initiated. If the 
subcultures to Endo agar were made with cells from the white colonies, 
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white colonies again developed with subsequent formation of the red 
secondary colonies on the white ones. Massini postulated that the de- 
velopment of the secondary, lactose-fermenting colonies was due to a 
mutation of the strain with which he was working, the mutation enabling 
the organism to take advantage of the lactose in the medium. To this 
organism he gave the name Bacterium (now Escherichia) coli-mutabile. 
The lactose-fermenting variant on repeated subculturing in the absence 
of lactose was still able to ferment lactose, thus indicating that the mu- 
tated strain had developed a new transferable characteristic. Reversion 
to non-lactose-fermenting strains has been observed, but in general the 
acquired ability to ferment lactose appears to be relatively permanent, 
just as the ability of the original mutable strain to produce the red variant 
appears to be inherent in the culture. Numerous examples of variations 
of this sort have been observed since these early studies of Massini and 
Neisser. 

Lewis, from a detailed analysis of the behavior of FE. coli-mutabile, 
concluded in 1935 that the appearance of the lactose-fermenting variant 
in a lactose-containing medium was due to natural selection working 
on a spontaneous variation in the culture. When he inoculated decimal 
dilutions of colonies of his mutabile strain from plain agar onto plain 
agar, he obtained colony counts ranging from 73 to 354 x 107 cells per 
original colony. When these same dilutions were plated out in a lactose- 
synthetic medium solidified with plain agar (no peptone or beef extract 
added), the colony counts indicated an initial population of from 2,080 
to 6,300 bacteria per original colony. From the results of experiments 
of this type he concluded that only approximately 1 cell in every 100,000 
cells of his strain was a lactose-fermenting variant, actually or potentially. 
A genetic interpretation of this phenomenon is difficult unless there is 
some form of fusion in bacteria with segregation of characters from the 
genetically complex parents. While we do not know the inherent mecha- 
nism of the phenomenon, the development of mutable strains is explicable 
on the basis that the variants are so few in number that they do not 
appreciably influence the behavior of the culture until the majority of 
the organisms have ceased growing owing to the depletion of the readily 
available nutrients. When this occurs, the variants alone are able to 
continue multiplying, utilizing the sugar or other substance which will 
support growth of the variant. It could also be possible that all the cells 
were potentially capable of utilizing lactose if lactose could enter the cells. 
Hence this phenomenon could be due not to the sudden appearance of 
a new enzyme but rather to a change in permeability of the cell membrane 
to lactose. Once lactose enters the cell, it could stimulate the latent abil- 
ity of the cell to ferment lactose, or to produce the lactose-splitting en- 
zyme. In a medium deficient in a foodstuff utilizable by the majority of 
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the cells of a species, only those cells would develop which are capable of 
utilizing the substance with regard to which the organism exhibited varia- 
tion. Hence the mutant strain would develop and dominate in the en- 
vironment suitable for its growth alone, a natural selection of the strain 
best suited for growth in the particular environment. 

A similar type of mutation may be observed when a colony well sepa- 
rated from others is allowed to continue growing. Growth is active only 
at the edge of the colony while the cells in the center of the colony pass 
into the death phase of growth. Often such spreading colonies will show 
clearly defined areas or sectors which differ strikingly from the remainder 
of the colony (see Fig. 14-3). The variant sector differs from the mass 
of the colony in appearance. This 1s particularly striking when a color- 
less mutant develops as a sector in an otherwise pigmented colony. The 
formation of sectors is explained on the assumption that a cell undergoes 
a mutation which alters its hereditary characters. This mutant continues 
to breed true to its new character, and the cells which develop from the 
original mutant give rise to the sector A white mutant from an orange 
micrococcus, for example, gives rise to a white sector in the colony, and 
cells transferred from the white area to fresh culture media give rise to 
white colonies. Aging of the colonies appears to be an important factor 
in the production of mutant strains, since the same variation in pigment 
formation can also occur in broth cultures. On streak plates prepared 
from a young broth culture, the colonies appear to be of the same type, 
while a similar plate prepared from an old culture of the same strain of 
bacteria may exhibit a variety of colonies. A very odd behavior is noted 
when well-isolated colonies of Psewdomonas aeruginosa are allowed to 
develop for many days. As the colony ages, the cells appear to form a 
considerable amount of slimy substance, and when the agar is maintained 
inverted in a petri dish, the growth tends to slide downward with the 
production of a stalactite colony. 

Specifically Induced Type Transmutation. This phenomenon of specif- 
ically induced mutation of types is particularly striking and has been 
studied in considerable detail with certain pneumococci. At the present 
time, fifty or more types of pneumococci are recognized, the pneumococcus 
cell apparently being identical in all types with the exception that differ- 
ent types differ in regard to the nature of the capsular substance which 
each type synthesizes. However, the organism may lose its ability to 
produce a capsule and reverts to a non-type-specific pneumococcus. 
Griffith in 1928 observed that a culture derived from a noneapsulated type 
IIT pneumococcus was unable to produce an infection in mice, but when 
this organism and heat-killed type III pneumococci were injected into 
mice, the mice came down with a pneumococeal infection from which onlv 
type III pneumococci could be isolated. The living noncapsulated pneu- 
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Fic. 14-3. Variation in colony forms of Pseudomonas aeruginosa. (Courtesy of E. W. 
Schultz.) 


mococci derived from the original type II culture acquired the capsular 
structure and serological specificity of a type IIIT pneumococcus. 
Subsequent observations confirmed this finding and also established 
that this transformation could be brought about in the test tube by cul- 
tivating the noncapsulated form in a medium containing killed type III 
cells or extracts of these cells. Later Avery and his coworkers were able 
to show that this transmutation was induced by a specific chemical agent, 
a deoxyribonucleic acid produced by the type III pneumococcus. This 
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specific transmuting agent 1s active in extremely minute amounts, one 
part of the agent in over one hundred million parts of broth being able 
to elicit the specific type transmutation. This same deoxyribonucleic acid 
can be recovered from cultures of the transmuted type in amounts far 
greater than were added to the medium and cannot be found in the original 
noncapsulated cells derived from the type II pneumococeus. The induced 
transmutation becomes a permanent characteristic of the induced type 
III mutant, provided that cultural conditions favorable for capsule for- 
mation are maintained. It should be pointed out that the inducing agent, 
the ribonucleic acid, and the induced type III capsular material, a rela- 
tively simple, nitrogen-free polysaccharide, have no chemical structure 
in common. It is also of theoretical interest that nucleic acids are the 
chief components of the nuclei of higher forms of life and that bacteria 
do contain relatively high amounts of nucleic acid. The exact significance 
of type mutation induced by a specific principle is as yet unknown, but 
the phenomenon does indicate that a specific chemical agent can elicit 
a specific mutation with the production of a different type specificity 
which is spontaneously transmissible-in serial cultures. 

Transduction. This term refers to a phenomenon simuar to trans- 
formation and implies the transfer of a genetic factor from one cell to 
another by means of a filtrable agent. The material transferred appears 
to be composed of deoxyribonucleic acid and the transmitting agent a 
lysogenic bacteriophage, a phage which is maintained in the host cell but 
only rarely causes the cell to lyse. Transduction was first observed by 
Zinder and Lederberg in an experiment in which two species of Salmonella 
were separated from each other by means of a bacteria-retaining filter. 
It was observed that some of the cells on one side of the filter acquired 
a property exhibited by the species on the other side. For example, cells 
of Salmonella typhosa acquired the transmissible ability of forming the 
flagellar antigen of S. typhimurium. Transduction, therefore, resulted in 
the development of a strain having characteristics of both species. Both 
antigenic and nutritional properties were found to be transducible, ap- 
parently at random. Other experiments have shown that only one gene 
(or equivalent) is ordinarily transmitted to any one receptor cell, that 
any one gene can be transmitted, and that a gene in the receptor cell is 
replaced by the transduced one. Transduction has also been demon- 
strated between. strains of Corynebacterium diphtheriae, the gene for 
toxin production being transduced to a nontoxigenic strain. What role 
the phage particle plays in transduction other than as a earrier for the 
genetic material has not been determined. 
picvaaiek ORM CES: | eins been observed that a single species 
on the ain acta sail ri oe aon abrir ee rte 

s S gs. 14-3 and 14-4). This variation, commonty 


MICROBIAL VARIATIONS 327 





Fig. 14-4. Variation in type of growth observed when transfers are made from dif- 
ferent colonies of Pseudomonas aeruginosa. 


known as bacterial dissociation, gives rise to variant strains which exhibit 
considerable differences not only in colony structure but in cellular 
morphology and physiology as well, the variant characters tending to 
be relatively stable. Five general types of variation in colony form, or 
dissociative phases, have been recognized, together with various degrees 
of variation between these more distinct phases. The colonies of most 
bacteria on nutrient agar tend to be round, their edges and surfaces per- 
fectly smooth and usually moist and glistening in appearance. This type 
of colony is generally considered to be the normal form of growth and is 
known as an S (smooth) colony. In those species which exhibit marked 
capsule formation, the normal type of colony may be rather viscous in 
consistency, and the colony may appear watery or transparent. This is 
known as an M, or mucoid, colony. The cells from M colonies are usu- 
ally very short and show a tendency towards the spherical shape, even in 
the bacillary species. 

When cultures of bacteria which normally produce S colonies are cul- 
tivated in the presence of specific immune sera or specific bacteriophages, 
or in the presence of certain salts, particularly lithium chloride, a number 
of the colonies which develop are frequently irregular in form; their edges 
are curled or toothed in appearance, their surfaces often dull, dry, and 


328 INTRODUCTION TO THE BACTERIA 


wrinkled, or rough. This type of colony is known as an R, or rough, 
colony. The rough form of colony appears to be the normal form for 
certain species of bacteria, particularly the sporeformers and the acid-fast 
bacteria. The cells in R colonies appear to be longer and more filamentous 
than cells from the same species in the S phase. The S-to-R variation 
ean also occur spontaneously in cultures, particularly on aging, while 
the R-to-S variation is not observed very frequently except in those spe- 
cies in which the R form appears to be the normal form. 

Many species may at times produce extremely small colonies which 
tend to be unstable and which consist of minute cells or structures re- 
warded as gonidia by some investigators, hence these colonies are spoken 
of as G colonies. In some species, particularly of streptococci and the 
tubercle bacillus, D, or dwarf, colonies are observed which contain 
diphtheroid cells. 

The change in the outward appearance of the colonies is reflected in 
changes not only in morphology but also in biochemical and other bio- 
logical properties. When grown in nutrient broths, the S forms tend to 
erow diffusely throughout the medium while the & form tends to grow as 
a film or pellicle on the surface of the broth, or as a sediment at the bot- 
tom of the culture vessel. One of the most striking changes is the fre- 
quent loss of virulence, i.e., capability of producing infection, when the 
S-R dissociation occurs. With organisms such as Bacillus anthracis the 
normal virulent form is the R form, the organisms in the S phase tending 
to be avirulent. This behavior, also noted with certain streptococci, is 
believed to be due to the fact that most normally smooth bacteria pro- 
duce capsules predominantly polysaccharide in composition, while the 
normally rough species of bacteria have capsules which appear to be of 
the nature of a polypeptide, colony appearance being controlled to a con- 
siderable extent by the nature of the capsular substance. Although the 
colony of the normal R form may be rough in appearance, other proper- 
ties of the cells are generally characteristic of organisms normally smooth 
in appearance. The virulence of a number of pathogenic organisms ap- 
pears to be associated with their ability to produce a capsule, which in 
turn may protect the organism to a certain extent against the normal 
protective forces of the animal host. 

Knowledge of these various dissociation phases of the bacteria is far 
from being complete, and the terminology is somewhat confusing at times. 
Neither is there any adequate explanation for all the observed phenomena, 
although the present tendency appears to favor considering the dissocia- 
tion of bacteria, yeasts, molds, and possibly algae to be caused by acci- 
dents to genes. From a normally smooth red bacterium one may observe 
the formation of rough red, of smooth white, and of rough white disso- 
ciates. This suggests that the observed dissociations are due to modifi- 
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cations of individual genes. Since many of these variations may be 
reversible, although frequently not readily so, it would suggest that the 
observed variations are due to a modification or suppression of a gene 
or genes rather than to a complete loss of a gene or genes. Mutations of 
many types occur spontaneously at a slow rate, and mutants can be found 
if we look for them. Their detection is simplified if selective conditions 
are employed to promote their growth. Much remains to be learned 
about the genetic structure of bacteria, and a fuller knowledge of heredi- 
tary transmission in the bacteria will enrich our understanding of genetics 
in general. 

Induced Variation in Fungi. Wuinge and Lausten demonstrated in 
1939 that there is a direct relationship between the possession of par- 
ticular genes and the ability of the yeast cell to ferment certain disaccha- 
rides. A basic implication of this concept is that biochemical defects 
are not alone in being gene-controlled but that genes are the controlling 
factors of all the biochemical reactions which the organism is able to 
carry out. We have considered that with increase in the parasitic nature 
of a microorganism there is a concomitant loss in synthetic power. What 
is the mechanism of the losses in synthetic power which have led to the 
complex nutritive requirements of certain organisms, particularly the 
pathogens? If the ability to synthesize specific amino acids and vitamins 
is genetically controlled, it should be possible to take an organism capable 
of carrying out an essential synthesis and to produce a mutant lacking 
the ability to carry out the essential synthesis. This has been done par- 
ticularly well in a series of studies by Beadle and Tatum and their co- 
workers with the red bread mold Neurospora crassa (for life cycle of this 
organism, see Fig. 14-5). 
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Fic. 14-5. Life cycle of the red bread mold, Neurospora crassa. [Courtesy of C. Lin- 
degren, Genetics of the fungi, Annual Review of Microbiology, 2, 64 (1948).] 
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Neurospora crassa is an ascomycete which grows readily in an inorganic 
medium containing a suitable carbon and energy source such as glucose 
and in addition one vitamin, biotin. In this basal medium (minimal 
medium) Neurospora is able to synthesize all of its other organic con- 
stituents—proteins containing twenty or more amino acids, at least nine 
vitamins of the B group, yellow and red pigments, nucleic acid, fats, poly- 
saccharides, and a host of other components. It was known from studies 
with higher organisms that genes can be inactivated or altered by irradia- 
tion with ultraviolet light or X rays, the change produced in the organism 
when the irradiation was not fatal serving to indicate the function of the 
gene in the normal organism. Hence, if biochemical reactions are geneti- 
cally controlled, it then follows that a change induced in a particular gene 
would result in an alteration in the biochemical properties of Newrospora. 

Asexual spores of Neurospora irradiated with X rays or ultraviolet 
light were added to a normal culture of the opposite sex or “physiological 
type.” Mycelia of the two types fuse and fruiting bodies form, each ascus 
containing eight sexual spores. These spores are then transferred sep- 
arately to a complete medium, i.e., one containing both amino acids and 
growth factors, and in this manner eight strains derived from single asco- 
spores are established. Asexual spores are then transferred to the minimal 
medium, and if growth is not observed on the minimal medium, the im- 
plication is that a synthetic ability possessed by the original strain has 
been lost as a result of the irradiation. The nature of the missing syn- 
thetic ability must then be determined by a systematic set of tests, since 
beams of radiation cannot be aimed at a particular gene. Experimentally 
it has been found that only one or two ascospores per hundred tested give 
rise to biochemical mutant strains. 

Taking a particular modified strain or mutant which cannot grow on 
the minimal medium, transfers of conidia are made to the minimal medium 
supplemented with vitamins alone and with amino acids alone, and also 
to the minimal medium itself and to the complete medium to serve as 
controls. The experimental procedure to this point is diagrammatically 
illustrated in Fig. 14-6. In this example, growth in the presence and not 
in the absence of vitamins implies that the mutant strain has lost the 
ability to synthesize one or more of the known vitamins. Next, conidia 
are transferred to a series of tubes of the minimal medium supplemented 
with individual vitamins. Growth in the minimal medium plus panto- 
thenie acid alone would mean that the mutant had lost the ability to 
synthesize pantothenic acid. In this manner, forty or more individual 
mutants were isolated from tens of thousands of ascospores tested, each 
mutant differing from the others in the loss of some particular synthetic 
ability. ; 
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Fic. 14-6. Experimental procedure by which biochemical mutants are produced and 
detected. [After Beadle, Genes and chemistry of the organism, American Scientist, 
34, 37 (1946), and by courtesy of Yale University Press, G. A. Battsell (editor), 
“Science in Progress,’ 5th Series, 1947.] 


Once a mutant is isolated, it must be demonstrated that the loss of 
synthetic power is associated with genetic structure. This is determined 
by crossing the mutant strain with the original strain of the opposite 
sexual type. From the principles of genetics it can be shown that if the 
two strains differ by one gene, the spore sacs will contain ascospores of 
two kinds. Four will be like the normal parent (see Fig. 14-7) and not 
require a particular vitamin (in the above example, pantothenic acid) 
or amino acid for growth in the minimal medium, while the other four 
sexual spores from the same ascus will require the particular substance 
for growth. The two types of spores occur in a regular pattern in the 
ascus, and from these and other data the geneticist can map the relative 
positions of the genes on the chromosomes of the organism. Hence, it 
has been proved that the loss of the ability to synthesize pantothenic acid 
in the example cited above is due to the loss or modification of a par- 
ticular gene, and that these syntheses are genetically controlled. 

In this manner genes active in the synthesis of vitamins By, Bo, Bs, 
niacin, p-aminobenzoic acid, inositol, and choline have been demonstrated. 
Others active in the synthesis of the amino acids arginine, isoleucine, 
leucine, lysine, methionine, phenylafanine, proline, threonine, tryptophan, 
and valine and in the synthesis of purines and pyrimidines have been 
similarly demonstrated in mutants lacking specific synthetic powers. Also 
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Fic. 14-7. Scheme by which the inheritance of a mutant type is determined. Trans- 
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fers from the medium supplemented with pantothenic acid to minimal medium are 
made with conidia. [From Beadle, Genes and chemistry of the organism, American 
Scientist, 34, 40 (1946), and by courtesy of Yale University Press, G. A. Baitsell 
(editor), “Science in Progress,” 5th Series, 1947.) 
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Fic. 14-8. Nuclear and chromosomal basis 
Nuclear and chromosomal basis of genetic segregation in N eurospora. 
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knowledge of the mechanism of certain of these syntheses has been ad- 
vanced from these studies, and likewise microbiological methods have been 
developed for the assay of certain of these substances with the aid of 
specific mutant strains. It should be pointed out that in addition to 
these biochemical mutants produced by irradiation, other mutations such 
as variation in the morphology of the fungus, pigmentation, etc., may be 
produced and observed although these mutations have not been studied 
to any extent. 

Since similar mutants can be isolated following irradiation of bacteria 
or by treatment with specific chemical agents, it is of interest at least 
to speculate that a similar genetic mechanism is operative amongst the 
bacteria. In any event, these studies suggest that the bacterium or higher 
organism is not a haphazard factory but rather a complex and highly 
integrated system in which reactions are systematically related in time 
and space. Alteration or destruction of one gene or controlling factor 
alters the sequence of events, and the subsequent ramifications may be 
multitudinous (see Table 14-2). If the single cell, or a higher multi- 
cellular form, loses the ability to synthesize a particular substance, it in 
time ceases to grow as the supply of the substance diminishes. Man, 
likewise deprived of thiamin, for example, undergoes changes of increasing 
complexity—inflammation of the nerves, muscular debility, edema, wast- 
ing away, and finally death. Again appears evidence of considerable 
unity in nature! 

Sexual Recombination. The possibility that sexual reproduction can 
occur in bacteria has been recognized for a long time, but direct proof, 
other than pairing of cells under the microscope, was lacking. The de- 
velopment of biochemical markers, mutant strains of Neurospora that 
we have just considered, led to studies of a similar type with bacteria. 
Tatum and Lederberg obtained mutant strains of Escherichia coli which, 
unlike the original strain, required one or more amino acids or vitamins 
for growth. When two of these mutant strains were cultivated together 
in a medium containing none of the required growth factors, about one 
cell in a million grew and gave rise to a colony, descendants from which, 
like the parent culture, did not require growth factors. This behavior 
ean be illustrated with a specific example. One strain required biotin (Bb) 
and methionine (M) for growth, the other mutant strain required leucine 
(L) and threonine (7). Each could synthesize the growth factors re- 
quired by the other. Their partial genotypes can be represented as 
B-M-L+T+ and B+M+L~T~; the minus sign indicates that the fac- 
tor is required for growth, the plus sign that it is not. Cells from the 
eolonies that did develop were shown to be of the B+M+LtTt type, 1.e., 
did not require growth factors. The chance that a cell could mutate with 
the gain of ability to synthesize both growth factors required by the 
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TaBLe 14-2. Types or BACTERIAL VARIATION * 


Character affected Variations observed 


Minute or filtrable (?) forms. Giant cells. 
Variation in size during period of active 
growth 

Coccoid forms in bacillary species. Bacil- 
lary forms in coccoid species. Chains of 
cells or free cells. “Filamentous forms. 
Involution forms 


Sizer oft cella. tiveuonc ee a ees 


Cell morphology: ..'.. --4e% nese 


Staining properties 2. so41<.. 0s an0-ea Uniform to irregular. Gram positive to 
gram negative. Acid fast to non-acid fast 

Spore  TOPMBGWON,. os: 9 scm ems aa Nonsporing variants 

MGM Gy. « Shien da x age Mees eo ae ee Loss of flagella 

Caps Ta oul eases ote ae ee Increase or decrease in size. Loss of detect- 


able capsule. Change in type specificity 
or chemical composition 

Type. of growth im. broths i hav auiees os Diffusely turbid to granular sedimenting. 
Pellicle or no pellicle. Slimy sediment to 
diffuse clouding 

Shape and structure of colonies on solid Smooth, rough, mucoid, dwarf, or gonidial. 

medium Spreading or raised, discrete. Pigmented 

or nonpigmented. Secondary papillae on 
original colony. Nibbled or moth-eaten 
colonies. Sectors. Variation in optical 
characteristics 

INUETIELONY 8. brie te ante ee ee Changes in vitamin requirements. Changes 
in amino acid requirements. Adaption to 
different energy sources 


Hermen ta hOnie ere wat rc ae Gain or loss of ability to ferment specific 
sugars 
Miscellaneous st. ny ie hp wets cee oe Loss of proteolytic power. Loss of ability 


to produce toxin. Loss of ability to pro- 
duce hemolysin. Increase or decrease in 
ability to produce pigments 

Warnlence ts. 34.ca. eek oie ar See Decrease or increase in specific virulence. 
Shift in virulence for different hosts. Loss 
of virulence 

Antigenic components....... ... Presence of flagellar antigen. Group- or 
species-specific flagellar antigen. Type- 
specific antigen lost or altered. Shift in 
somatic antigenic structure 

Resistance to harmful agents.......... Variations in resistance with age. Specific 
increased resistance. 


* Modified from table compiled by Salle in “Fundamental Principles of Bacteri- 
ology,” 3d ed., McGraw-Hill Book Company, Inc., New York, 1948. 
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particular mutant is so small that a sexual recombination of genetic ma- 
terial appeared to be the most satisfactory explanation of the observed 
behavior. 

Other workers confirmed the reported behavior and unstable diploid 
strains were later isolated which threw off haploid segregants exhibiting 
recombinations of the parental types. These observations, together with 
the demonstration of linkage groups, constitute good evidence that new 
genotypes can arise in bacteria as a result of sexual recombination. The 
phenomenon of mating type has been noted with Z. coli, types designated 
as F* being able to cross with F~ types and less readily with F+ types. 
The male type transfers only a part of its genetic material to the female, 
the recombinant inheriting the larger part of its characteristics from the 
mother cell. Various observations have shown that the two types may 
lie side by side in conjugation for as long as half an hour, and that during 
this time only about one-third of the male chromosome enters the cell 
of the other mating type. Vigorous shaking of the pairs during the course 
of chromosome transfer will dislodge them, with the result that only a 
portion of the total genes that can be transferred will enter the female 
cell. It appears that the chromosome enters the female cell with the 
same extremity first and with the genes in the same order. The sig- 
nificance in nature of recombination as well as transformation and trans- 
duction is not known, but these processes could give rise to new genotypes. 

Bacteria as a rule remain relatively unchanged in the laboratory over 
long periods of time. This results primarily from their being maintained 
under carefully controlled conditions, and relatively stable strains have 
developed by selection. Genetic changes do occur in these cultures all 
the time but only become evident when cultural conditions are changed 
or when the cultures are exposed to selective agents. 

Population Adaptation. We have considered that adaptations, either 
of a temporary or permanent nature, can be observed in pure cultures of 
bacteria or other microorganisms in the laboratory. Adaptations not only 
of species but of populations as well are noted under natural conditions 
and these are of interest and benefit to us. They are generally of a tem- 
porary nature, a response to environmental factors, but the organisins 
that predominate under a given set of conditions have undoubtedly 
evolved during the past as a result of mutation and selection processes. 
Population adaptation can be illustrated by observable changes around us. 

Leaves, grass clippings, and other organic wastes make up the gar- 
dener’s compost pile. Sugars and other components leach out and sup- 
port growth of various microorganisms commonly found under natural 
conditions. Those that develop most rapidly under these conditions soon 
outgrow the others, and may be so active that the heat they develop 
becomes autoinhibitory. Organisms better adapted to growth at an ele- 
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vated temperature then become the predominant population. As the 
supply of readily utilizable foodstuff diminishes, their growth will be 
curtailed, the temperature will fall, and other organisms capable of utiliz- 
ing more complex components of the compost heap will in turn gain the 
ascendancy. Also the species predominating in any section of the pile 
will vary from spot to spot depending on the temperature, degree of 
aeration, concentrations of water and foodstuff, and the nature of the 
foodstuff available in any one section of this microworld. Some selection 
of microorganisms would also be brought about by the original nature 
of the material in the compost heap—different flora developing, for ex- 
ample, in piles of oak leaves, straw, or pine needles. So many varieties 
of microorganisms are commonly present that it is unlikely that a suitable 
organism would fail to be present and to develop in a niche best suited 
for its enzymatic armament. In time much of the material in the com- 
post pile would be solubilized and converted into carbon dioxide and in- 
organic matter, material suitable for the growth of green plants. The 
liberation of reduced inorganic matter such as hydrogen sulfide and am- 
monia would also exert a selective influence by. facilitating growth of 
suitable autotrophic species. 

Entirely similar population adaptations occur in the soil, but here 
algae and protozoa may play a greater role than in the compost heap. 
A similar situation would prevail in a body of water, but growth of the 
microbie population would be limited by the lower concentration of avail- 
able nutrients. Protozoa feed upon bacteria, and the protozoa in turn 
are consumed by larger organisms in their environment. In the long run 
the species best suited for a particular environment are selected and main- 
tain themselves in direct competition with other species for the available 
nutrients, and in competition as well with species predatory upon them 
in the food chains of nature. 

Population adaptations are noted in any mixed population. Algae, 
bacteria, and protozoa, for example, in sewage oxidation ponds set up 
a relatively balanced relationship. The algae use carbon dioxide and 
other waste products of bacterial metabolism for their growth, in turn 
providing oxygen for continued aerobic respiration of the bacteria. The 
bacteria may also serve as foodstuff for protozoa, and this aids in keeping 
the bacterial population below the maximum stationary population level, 
hence multiplication of the bacteria continues. This picture of events is 
ereatly simplified but is indicative of the over-all influences that are in 
operation. 

Another illustration of population adaptation, possibly limited to bac- 
teria alone, would be that of sludge digestion. Here complex materials 
are fermented by different species of bacteria with the ultimate produc- 
tion of considerable quantities of carbon dioxide, fatty acids, and aleohols. 
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The simple acids and alcohols can be utilized as foodstuff by the methane 
bacteria under anaerobic conditions prevailing during sludge digestion. 
These substances are oxidized and carbon dioxide is reduced to methane. 
This utilization of the organic acids and carbon dioxide produced by fer- 
mentation prevents the development of acidic conditions, and a popula- 
tion balance is established between the acid-producing and the acid- 
utilizing species in a continuous-feed digester. 

Population balances are also noted if we consider our own microbial 
population. Certain species are adapted to growth on the skin, on mu- 
cous membranes, in the intestinal tract, and so on. Some shift in popu- 
lation balances may be observed if our environment or our food supply 
is changed. Changes in population are noted following the therapeutic 
use of antibiotics, in some instances the common inhabitants of the in- 
testinal tract or the ear canal being replaced by pathogenic fungi which 
may be difficult to replace with the normal nonpathogenic flora. The 
control of one species often releases that particular environment for oc- 
cupancy by a different species or group of organisms in either animate 
or inanimate environments. 

During the course of time numerous mutations have occurred in the 
microbial world, and selection has led to the populations that exist today 
in the various niches of nature. But a dynamic balance exists, as was 
briefly considered above, and we can expect that new temporary and 
permanent population balances will be established in the future as have 
been done in the past, survival of the fittest being the general rule with 
microbie populations showing dynamic rather than static behaviors. 


REFERENCES 


Braun, W.: Bacterial dissociation, Bacteriological Reviews, 11, 75 (1947). 

: “Bacterial Genetics,” W. B. Saunders Company, Philadelphia, 1953. 

Cold Spring Harbor Symposia on Quantitative Biology, 11 (1946) and 16 (1951) 
(various papers). 

Luria, S. E.: Recent advances in bacterial genetics, Bacteriological Reviews, 11, 1 
(1947). ; 

Wollman, FE. L., and F. Jacob: Sexuality in bacteria, Scientific American, 195, 109 


(1956). 





CHAPTER 15 


BACTERIOLOGY OF SOIL 


Soil can be defined as the relatively loose surface material of the earth 
in which plants grow, in most cases consisting of disintegrated rock with 
an admixture of organic matter and soluble salts. Originally the earth 
supposedly consisted mainly of rocks and water, rock being broken down 
in time primarily by physical and chemical forces, with the formation 
of smaller particles—thus creating a looser surface layer. Such a milieu 
would not provide a good medium for the support of most species of 
microorganisms, but it is known that lichens can grow upon barren rock, 
slowly converting it into soil. Lichens are symbiotic combinations of a 
fungus and an alga. The fungus partner makes up the bulk of most 
lichens, and its hyphae penetrate the substrate upon which the lichen 
grows. The mold may form acids which slowly decompose the rock, 
making mineral elements available for its growth. Cells of the algal 
partner are trapped in the fungal mycelium just below the surface of the 
lichen, in some instances hyphae of the mold penetrating into cells of the 
alga. The fungus provides materials for the growth of the alga, the 
latter in its turn providing organic matter elaborated by its photosynthetic 
apparatus. Many lichens grow very slowly, but in the course of time 
they can cause considerable chemical change. As a result of their growth, 
organic matter is added to the surface layer of the earth, thus providing 
conditions suitable for the growth of other microorganisms. Many other 
factors or agents may have been involved in the formation of soil from 
barren rock, but the activity of the lichens can serve as an example of 
one biological relationship active in soil formation. 

Soils, particularly cultivated and enriched ones, serve as excellent cul- 
ture media for the growth of many kinds of microorganisms competing 
with each other for the available nutrient material therein. The micro- 
scopic life of the soil is composed of fungi, algae, and protozoa in com- 
petition with each other and with larger forms of life also present in the 
same environment. It has been pointed out (Chap. 12) that soil is eom- 
posed primarily of inorganic mineral particles which adsorb inorganic 
salts or ions and organic matter in a surface film of water. This adsorbed 
film provides an excellent surface for the growth of microorganisms, being 

338 


BACTERIOLOGY OF SOIL 339 


roughly analogous to the surfaces of agar media so commonly employed 
in the laboratory. It is a medium which is continuously changing in 
chemical composition, and the organisms growing upon it are subject 
to marked changes in moisture content of their environment, degree of 
aeration, and fluctuations in temperature. 

A considerable volume of air is present in the irregularities or open 
spaces between the soil particles. When these pockets are filled with 
water, the soil tends to pack, dissolved oxygen is rapidly utilized, diffusion 
of air is retarded, and aerobic conditions give way to anaerobic ones. 
Normally, aerobic forms predominate in the upper layers of the soil, 
facultative anaerobes and anaerobes increasing in numbers deeper in the 
soil. As anaerobic conditions develop in waterlogged soils, a marked 
shift in the natural balance of population occurs, with fermentative forms 
increasing in numbers and activity, and the soil becomes “sour,” hydrogen 
ions replacing the metallic ions normally held by the soil particles. Proper 
drainage, tillage, and the addition of lime are corrective measures for this 
situation. It is readily apparent that moisture content and degree of 
aeration are two important factors influencing the ecology of soil. Tem- 
perature also plays an important role, microbie activity in the soil in- 
creasing as the temperature rises, reaching a maximum dependent on the 
temperature characteristics of the predominating forms. 

Cellulose is the most abundant organic substance continually being 
added to the soil under natural conditions as the plants upon it die. 
Other carbohydrates, lignins, proteins, fats, waxes, tannins, pigments, and 
miscellaneous organic compounds together with their mineral constituents, 
present in dead plants and to a lesser extent in dead animals and their 
wastes, also return to the soil from which they were ultimately derived. 
These materials serve as food for the microbie population, either directly 
or after serving as food for one organism which is preyed upon by an- 
other. Various forms of life in the soil compete with other forms or prey 
upon them, and the dead bodies of all become food for still other species. 
Inorganic substances are liberated from organic combination and enter 
into other phases of the cycles of elements so important in the economy 
of nature. A continuously shifting balance of population occurs with 
day-to-day shifts in the nature of the particular environment. This 
greatly complicates any attempt to develop a complete picture of even 
the general activities of bacteria in the soil. 

The actual numbers of microorganisms in the soil vary markedly with 
the nature of the soil and the various environmental factors such as 
moisture, aeration, and temperature, as well as with the physical struc- 
ture of the soil, The numbers of the different groups of the soil’s flora 
and fauna can, therefore, vary from relatively small numbers to stagger- 
ing totals. A well-cultivated, very rich soil, for example, may contain 
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as many as 5,000,000,000 bacteria, 20,000,000 actinomycetes, 100,000 mold 
fragments, 100,000 algae, 1,000,000 protozoa, and small numbers of other 
microscopic forms per gram of soil, these numbers being determined on 
the basis of direct microscopic counts. Quastel has estimated that this 
upper limit of bacterial population is equivalent to over four tons of bac- 
terial substance per acre and that the combined weight of the actinomy- 
cetes and higher fungi may approximate this figure. A microbic popula- 
tion of this magnitude, or even a small fraction thereof, would result in 
an enormous amount of metabolic activity in the soil. 

It is difficult to obtain a true estimate even of the numbers of viable 
bacteria in the soil, any one medium in either a dilution or plate count 
enhancing the growth of certain forms while inhibiting that of others. 
Both autotrophic and heterotrophic bacteria are active in the soil, and a 
medium favorable for the development of one of these nutritional groups 
is not favorable for the other. It is necessary to use a variety of media 
in estimating the viable population of the soil, and since many species 
can grow on a variety of media, the counts overlap each other. Direct 
microscopic counts are difficult to carry out and do not distinguish be- 
tween living and dead cells. Counts made in the same area vary from 
day to day, and vary, when made on the same day, between closely 
adjacent areas. Daily variations in bacterial counts appear to be related 
in part at least to fluctuations in the numbers of active protozoa which 
feed upon the bacteria, the count increasing when any factor diminishes 
the numbers or activity of the protozoan population. 

Soil is ordinarily considered to be primarily a substrate for the growth 
of plants, and the agriculturist is concerned with improving its value as 
such a medium. Attempts have been made to study the highly complex 
interrelationships between the activities of the soil’s population and the 
growth of plants. It is readily apparent that this is a formidable prob- 
lem, and therefore considerable attention has been directed toward study 
of the activity of the predominating species in pure cultures, with the 
hope that these studies can be profitably interpreted to clarify the ac- 
tivities of these bacteria in the mixed population of the soil. This type 
of study has aided in interpreting over-all changes in the soil, but the 
struggles for existence between the members of the microbial population 
can and do influence the behavior of a given species. In addition, higher 
forms of life, including the plants, during their active life compete with 
the microorganisms for moisture and essential salts. The root systems 
of the plants alter the physical character of the soil, thus further com- 
plicating this complex biological problem. It is possible to consider here 
only an over-all picture of the reactions known to play important roles 
in the maintenance of soil fertility, with emphasis on the activities of 
the bacteria. Other groups of microorganisms play important roles in 
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the maintenance of soil fertility, but not necessarily such spectacular roles 
as do specific groups of bacteria, e.g., nitrogen-fixing species, nitrifying 
bacteria, and the sulfur bacteria. 


THE CARBON CYCLE 


The maintenance of humus and other organic constituents of the soil 
depends ultimately upon the photosynthetic reactions in the green plant. 
The carbon cycle was discussed and illustrated in Chap. 8, and a review 
of this cycle indicates that microorganisms in the soil play an important 
part in the maintenance of this cycle. They convert organic matter into 
body substance and at the same time liberate a portion of the carbon as 
earbon dioxide. If this did not occur, enormous quantities of carbon 
would be stored in the dead bodies of plants and animals and thus lost 
to the cycle. Microbie activity is one form of insurance that, in the 
natural history of events, there will be no major blockage of the carbon 
eycle as a result of the retention of carbon in organic molecules. 

Humus. It was mentioned that complex organic matter, derived from 
dead plants and animals or their wastes, is broken down in the soil by 
the action of various microorganisms. Cellulose is the main source of 
carbon and of energy for the microbial population, although actually 
relatively few species of bacteria can employ it directly. Many species 
of the higher fungi and certain bacteria, particularly in the genera Cyto- 
phaga and Bacterium, elaborate an extracellular enzyme, cellulase, which 
together with other hydrolytic enzymes hydrolyzes cellulose to simpler 
carbohydrates utilizable in the internal metabolism of the cellulose 
digesters and of other bacteria as well. Other carbohydrates, the pro- 
teins, fats, and various constituents of plant protoplasm are also used as 
sources of building material and energy, while the lignins, pectins, waxes, 
and related compounds are less rapidly or readily decomposed, and they, 
or their partial decomposition products, tend to accumulate as a brownish- 
black complex known as humus. 

Humus improves the physical condition of the soil, making it soft and 
mellow and at the same time increasing the water-holding capacity of soil. 
It is constantly being formed under normal conditions where vegetation 
is abundant and is at the same time being subjected to attack by various 
microorganisms, an equilibrium tending to be established under natural 
conditions. In cultivated areas, however, this storehouse of foodstuff 
tends to be depleted with consequent decrease in soil fertility unless at 
least a portion of some crops is plowed under and manures added to the 
soil. Soil fertility can in part be restored by the addition of commercial 
fertilizers, which supply the minerals essential for plant growth but do 
not maintain or improve the structure of the soil. Restoration of humus 
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is a slow process but is essential if a proper balance is to be maintained 
between macroscopic plant life and the microbic activity necessary for 
the maintenance of a fertile soil. This is another illustration of Le 
Chatelier’s and Fredericq’s principle, intensive cropping as frequently 
practiced altering an essential equilibrium with a resultant decrease in 
the productivity of the soil as a means of countering the applied force. 
Humus is composed not of organic matter alone; various salts may be 
associated with it, in particular iron and some of the elements essential 
in small amounts for life in general. It is a highly important storehouse 
and contributes to the maintenance of the carbon and other cycles, serv- 
ing as a source of materials when other supplies diminish in amount. 


THE NITROGEN CYCLE 


In the latter part of the last century, food economists were predicting, 
on the basis of known supplies of nitrates available for fertilizers, that 
the world was nearing its capacity for the production of wheat. They 
predicted that by the 1930’s drastic shifts would have to be made in the 
diet of wheat-eating peoples. It was known that soil fertility could be 
maintained by means of crop rotation, manuring, and the use of inorganic 
fertilizers, but practically nothing was known of the enormous activities 
of the nitrogen-fixing bacteria and of those organisms converting complex 
nitrogenous matter into ammonia and nitrates assimilable by the plants. 
Furthermore, chemical methods for the fixation of nitrogen on a com- 
mercial scale had not been developed for the production of ammonia- 
or nitrate-containing fertilizers. Hence the scarcity of known supplies 
of nitrates and the recognized low concentration of nitrogenous matter 
in many soils were the criteria employed in the predictions as to future 
wheat supplies. 

The amount of nitrogen assimilated from nitrogen salts in the soil in 
the United States per year by the green plants is stupendous (probably 
greater than 5,000,000 tons), and a consideration of the nitrogen cycle well 
indicates the fundamental role played by the bacteria in making nitrogen 
available for the green plant, which in turn can serve as a source of 
nitrogenous matter for the animals. 

‘Nitrogen Fixation. This term denotes the conversion of atmospheric 
nitrogen into compounds in which the nitrogen is combined with other 
elements. Nitrogen fixation is a part of the nitrogen cycle depicted in 
Fig. 15-1. Nitrogen fixation can be induced by a limited number of bio- 
logical agents, or it can be carried out by means of industrial chemical 
processes. Biological fixation is carried out at low temperatures and 
pressures, the reverse holding true for the industrial procedures. The 
actual mechanism of the first stages of biological nitrogen fixation under 
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Fic. 15-1. The nitrogen cycle. 


the mild conditions existing within the cell is as yet unknown, but prog- 
ress is being made in the study of the nitrogen-fixation process. 

It has been recognized for centuries that the leguminous plants tend to 
enrich the soil in which they have been grown. Boussingault in 1837 
presented evidence which indicated that this was due to an actual fixation 
of gaseous nitrogen from the atmosphere. His observations showed that 
there was an increase in the total nitrogen content of soil plus plants 
above that of the original soil plus seeds when clover was employed as 
a crop, while the total nitrogen remained constant when wheat was 
planted. Jodin, in 1862, reported nitrogen absorption when microorgan- 
isms from the soil were cultivated in an inorganic medium plus sugar, 
tartaric acid, or glycerol, and Berthelot in 1885 reported an increase in 
total nitrogen in potted plants plus soil if the potting soil had not been 
sterilized. These observations suggested the possibility of the utilization 
and fixation of atmospheric nitrogen by biological systems, absorption 
of ammonia from the air being ruled out by control experiments. On 
the other hand, the measurements were not entirely quantitative in char- 
acter, and the chemical inertness of nitrogen gas caused many to doubt 
that nitrogen could be assimilated as such by simple organisms. 

In 1888 Hellriegel and Wilfarth demonstrated that plants could de- 
velop in sterile sand containing nitrates but that growth was stunted or 
failed to develop when nitrates were deficient. Addition of soil extracts 
stimulated growth of legumes (peas) but not that of nonleguminous 
plants. The increased growth was much greater than could be accounted 
for on the basis of nitrogen present in the soil extracts, and such. growth 
was always accompanied by the formation of nodules on the roots of the 
legume. No stimulation of growth, and no increase in nitrogen, was ob- 
served when nodule formation did not occur. This led Hellriegel and 
Wilfarth to conclude that nitrogen fixation is due to the activity of a 
“soil ferment” present and active in the root nodules. This ‘ferment,’ 
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Rhizobium radicola, was isolated in pure culture by Beijerinck in the 
same year. Other species of this genus of symbiotic nitrogen-fixing or- 
ganisms have since been recognized. There is no satisfactory evidence 
that members of this genus can fix nitrogen by themselves, nitrogen fixa- 
tion occurring only when the organism is developing in symbiosis with 
the leguminous plants. 

In 1893 Berthelot confirmed and extended Jodin’s studies and reported 
fixation of nitrogen by soil bacteria growing in vitro in media deficient 
in nitrogenous compounds. He did not isolate and identify the causative 
bacteria. In the following year Winogradsky isolated an anaerobic bac- 
terium, Clostridium pasteurianum (closely related to or identical with 
C. butyricum), which could fix nitrogen by itself in test-tube studies. 
Beijerinck in 1901 isolated two more free-living nitrogen-fixing bacteria, 
Azotobacter chroococcum (nonmotile) and A. agilis (motile). These or- 
eanisms are aerobes, and the former is of more common occurrence than 
the latter. Azotobacter species and Clostridium pasteurianum are widely 
distributed in soils, are frequently found in water, and are usually asso- 
ciated with other bacteria and with algae (particularly in water.) Their 
activity in nitrogen fixation appears to be enhanced over that observed 
in pure cultures when they grow in association with other forms. They 
are most active in neutral or slightly alkaline environments, and their 
activity appears to be enhanced by humus, probably because of its con- 
tent of iron, molybdenum, calcium, and other salts. 

It has been estimated that under favorable conditions these organisms 
can by themselves fix from ten to forty pounds of nitrogen per acre per 
year. The rhizobia are even more active, being capable of fixing, in 
association with legumes, from fifty to two hundred pounds per acre per 
year. The total amount of nitrogen fixed per year in the United States 
by the action of the nitrogen-fixing bacteria, both free-living and sym- 
biotie forms, has been estimated to be as much as one million tons. 

Nitrogen fixation is carried out to the greatest extent by the bacteria 
just considered and to some extent by certain blue-green algae, particu- 
larly Nostoc muscorum. The algae, due to their particular growth re- 
quirements and need for light, are more active in water than in soil. Other 
organisms may be able to fix nitrogen to a limited extent. It is of interest 
from the viewpoint of classification that two distinct genera in two 
families have been established for the nitrogen-fixing aerobes, while the 
anaerobic species is placed in the genus Clostridium, which is composed 
of a wide variety of physiological types. 

The chemistry of nitrogen fixation is obscure, no satisfactory explana- 
tion having been advanced as to the actual initial reaction in the fixation 
process. Virtanen suggests that hydroxylamine (NH2OH) is an initial 
product of fixation by the symbiotic forms, while Wilson and others sup- 
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Fic. 15-2. An Azotobacter from a colony on a “mud-pie” culture. 


port the initial formation of ammonia. Once nitrogen is fixed in combi- 
nation with other elements, it can then be utilized by pathways common 
to other organisms. Fixation appears to require considerable expenditure 
of energy by the cell, being promoted by the presence of utilizable carbo- 
hydrates in the test tube or in field experiments. This suggests that 
carbohydrates could be employed as a fertilizer for nitrogen fixation, the 
expense probably being a limiting factor in practical application. Nitro- 
gen fixation, on the other hand, is inhibited in soils rich in ammonia or 
nitrates, the nitrogen-fixing bacteria preferentially employing fixed rather 
than free nitrogen. The amount of nitrogen fixation, therefore, decreases 
with increase in nitrogenous content of the soil and is very low in heavily 
fertilized soils. 

Biological Aspects of Nitrogen Fixation. The biological aspects of 
nitrogen fixation, and in particular of the association between the rhizobia 
and their host plants, are of considerable interest as such while the latter 
aspect is also of possible significance to medical bacteriology. The gen- 
eral role played by the nitrogen-fixing bacteria has been illustrated in 
the nitrogen cycle and in the above discussion, and only the symbiotic 
relationship will be considered here. 

The relationship between the legume and the bacterium is analogous 
to that observed in a localized infectious process, with the exception that 
both the host and the parasite appear to be benefited as a result of their 
association. The plant serves as a source of food for the rhizobia and 
the latter as a source of nitrogenous matter for the plant. In an infec- 
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Fic. 15-3. Roots of the cow pea: left, uninoculated; right, inoculated with a Rhizo- 
bium. (From Rahn, “Microbes of Merit,’ The Ronald Press Company, New York, 
1945.) 


tious disease the bacteria have to invade the host and establish them- 
selves,'in some instances in specific cells or tissues of the host. This is 
also true of the rhizobia. The rhizobium first of all has to penetrate the 
exterior coverings of the plant-rootlet cells. There is evidence which 
suggests that this invasion is aided by a chemical substance produced by 
the bacterium, apparently the plant hormone indoleacetic acid which 
causes a deformation of the root hairs when it is present in even rela- 
tively minute amounts. The rhizobia penetrate the root hairs at or near 
the deformations induced by the secreted material, multiply there, and 
form “infection strands,” which penetrate the cells of the cortex. These 
plant cells are stimulated to abnormal growth and division and form 
pathological processes or nodules (tubercles) of considerable size (one 
to several millimeters in diameter). The rhizobia are established in 
these nodules, and an infection exists, although, as has been pointed out, 
both the plant and the rhizobia benefit as a result of this association. 
There is also an analogy between the development of cancers and that 
of the nodules, a chemical agent initially stimulating abnormal develop- 
ment of the root hairs while other agents may be responsible for the 
initiation of the abnormal growth characteristic of tumors or cancers. 
Observations in one field are frequently suggestive for studies in other 
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Fig. 15-4. A species of Rhizobium from a nodule on the root of a burr clover plant. 


fields of research, but analogies must not be taken for facts unless sub- 
stantiated by concrete evidence. 

A second resemblance between the legume-bacteria relationship and 
an infectious process is that a high degree of host specificity exists as 
far as infectious agents are concerned. This is also true in the legume- 
rhizobium relationship, strains or species of Rhizobium effective for 
nodule formation and nitrogen fixation in clover frequently being in- 
effective with other legumes. Other species exhibit host specificity for 
other legumes, such as alfalfa, peas, or beans. Actually the genus is 
divided into species primarily on the basis of the most favorable host 
plants, and the species are named on this basis. It is possible that all 
the species of Rhizobium developed from a common ancestor by adapta- 
tion to different host plants. Determination of the factors controlling 
specificity in one instance might be suggestive in other host-parasite 
relationships. 

Finally, infection of the roots of susceptible plants can spread in a 
manner analogous to that of an infectious disease of plants or animals. 


348 INTRODUCTION TO THE BACTERIA 


The rhizobia are frequently spread by means of contaminated seeds 
acting as mechanical carriers, and in fact this is employed as a method 
of establishing the rhizobia in a field planted to a legume. The seeds 
are inoculated with cultures of the specific Rhizobium, cultures for this 
purpose being available from federal, state, and commercial laboratories. 
Another method of inoculation is to mix the seeds with dirt from a field 
in which the crop to be planted had previously been cultivated and 
in which root nodule formation was satisfactory. It should be men- 
tioned that plant pathogens can be disseminated at times by this latter 
procedure. 

Denitrification. Denitrification and nitrate reduction in a sense can 
be considered as the opposite of nitrogen fixation since they tend to 
reduce the fertility of soil. Nitrate reduction is a reversal of the oxida- 
tion of ammonia to nitrates (nitrification) and is accompanied at times 
by the actual conversion (complete denitrification) of nitrogenous matter 
to nitrogen gas. Most of the nitrate in natural soils had its origin in 
the nitrification of ammonia produced from organic nitrogenous matter. 
Nitrate reduction is an anaerobic process and is of less common occur- 
rence than nitrification, occurring only in the absence of oxygen and 
in the presence of nitrates and an oxidizable substrate. It occurs to a 
limited extent in the depths of poorly aerated soils and to a greater 
extent in sour soils, marshes, and heaps of decomposing organic matter. 
A considerable number of bacteria, strict anaerobes and facultative ones, 
are able to reduce nitrates. This reaction is employed in the laboratory 
as a diagnostic aid for differentiating between various species of bacteria. 

The reaction can be illustrated by a consideration of the anaerobic 
metabolism of an organism such as Escherichia coli. In earlier chapters 
we considered that FE. colt could develop in an inorganic medium with 
a single organic compound such as lactic acid serving as a source of 
carbon and energy, when oxygen was available as a hydrogen acceptor. 
Under anaerobic conditions, growth does not occur in such a medium 
unless a substitute for oxygen as a hydrogen acceptor is present. Nitrate 
will serve this purpose if the enzyme nitratase is produced by the bac- 
terium, this being accomplished by Z. coli and numerous other bacteria. 
In the above example lactic acid is oxidized under the influence of lactic 
acid dehydrogenase to pyruvic acid, the dehydrogenase system trans- 
ferring two hydrogens to an atom of oxygen made available in nitrate 
by the action of nitratase, the over-all reaction being 


CH3sCHOHCOOH + HNO; — CH;COCOOH + H,0 + HNO, 


Organisms such as FE. coli and Clostridium perfringens, owing to their 
possession of a hydrogen-activating enzyme (hydrogenase), can in the 
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presence of hydrogen gas carry the reaction still further, reducing nitrates 
to ammonia. Hydrogen in the soil could arise from the fermentation of 
carbohydrates, and under the acidic conditions prevailing the ammonia 
would not be lost from the soil to the atmosphere since it could be bound 
in the form of ammonium salts. Excess ammonia production, however, 
would result in a loss of ammonia and depletion of the nitrogenous con- 
tent of the soil. If conditions alter and oxygen becomes available, am- 
monia and nitrites are oxidized back to nitrates. 

A smaller number of species of bacteria, among them being Pseudo- 
monas aeruginosa, Micrococcus denitrificans, and the autotroph Thio- 
bacillus demtrificans, can denitrify nitrates with the production of nitrous 
oxide or nitrogen, which is lost to the atmosphere. This, therefore, can 
be regarded as a leak in the nitrogen cycle and can also be considered as 
a final link in the chain of events from nitrogen fixation to the final 
liberation of nitrogen. 

Ammonification. Denitrification (nitrate reduction) serves as one 
means for the production of ammonia but is of no value to the green 
plants because the ammonia is produced from nitrates, which are a 
source of nitrogen for plant life as good as or better than ammonia or 
its salts. Most of the nitrates in soil are produced from ammonia de- 
rived from organic nitrogenous compounds, and the term ammonification 
refers to this liberation of ammonia. The decomposition of proteins via 
proteoses, peptones, and amino acids has been considered in an earlier 
chapter, and these reactions take place to a considerable extent in the 
soil. The amino acids in turn are degraded to simpler units, ammonia 
generally being formed by deamination under neutral or alkaline condi- 
tions and amines under acidic ones. A shift in pH toward the alkaline 
side frequently results in the oxidation of amines, particularly by Pseudo- 
monas species, with the liberation of ammonia. As should be apparent 
by now, slight shifts in environmental conditions alter the course of 
metabolic activity in soil or in any medium and unfortunately are too 
often neglected in our thinking. In soil there are three important variables 
to consider—the microbe, its associates, and its environment. From the 
viewpoint of the practical agriculturalist, anaerobiosis leads to decreased 
soil fertility, aerobiosis to maintenance or improvement of the soil. Any 
change in the oxygen content results in shifts in the activities and in the 
numbers of the different species of microbes present in the soil. Once 
ammonia is formed, it may be directly available to the plant, but gener- 
ally it is first converted into nitrates by the nitrifying bacteria, aerobiosis 
being essential for this process of nitrification. 

Nitrification. Nitrification, as has already been indicated, is the oxi- 
dation of ammonia to nitrates by the action of bacteria (see Fig. 10-2). 
The studies of Schloesing and Muntz and of Winogradsky, reviewed in 
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Chap. 10, established that nitrification is a biological process and is car- 
ried out by a limited number of bacteria, autotrophic and highly specific 
in character. The reverse process, as has just been considered, 1s non- 
specific in character and is carried on by a variety of heterotrophic 
bacteria. 

Nitrification occurs in two distinct steps: (1) the oxidation of am- 
monia to nitrites, which is elicited for the most part by Nitrosomonas 
(two species) or Nitrosococcus, and (2) the oxidation of nitrites to 
nitrates by the two recognized species of Nitrobacter. Other genera— 
Nitrosospira, Nitrosocystis, and Nitrosogloea, oxidizing ammonia to ni- 
trite, and Nitrocystis, oxidizing nitrite to nitrate—are recognized in the 
Bergey manual, but less information is available concerning their activi- 
ties. They are all autotrophs belonging to tribe I, the Nitrobacterieae, 
of the family Nitrobacteriaceae (Bergey’s Manual, sixth edition). 

Nitrification is a process limited to the genera mentioned above and 
serves as a source of energy for the reduction of carbon dioxide by these 
bacteria and for their growth. These organisms can be cultivated with 
difficulty in the laboratory, and their growth is inhibited by the presence 
of organic matter. They do grow, however, under natural conditions in 
the presence of considerable quantities of organic matter, and it is pos- 
sible that the associations encountered under those conditions are in 
some manner conducive to their growth. They are found widespread in 
soils and are also active under other conditions, e.g., in sewage-disposal 
plants. Their activities in nature are of enormous benefit to man, since 
they aid in keeping nitrogen in circulation in the nitrogen cycle. It is 
fortunate that the ammonia oxidizers and the nitrite oxidizers are always 
found in association with each other; otherwise nitrites, which are rather 
toxic, would accumulate and be harmful to the green plants. 

The Nitrogen Cycle for Bacteria. We have considered the nitrogen 
cycle in its broad biological applications. A similar cycle can be de- 
veloped for bacteria alone, and this is possible with no other group of 
organisms. The various stages of the cycle may be represented as in 
Fig. 15-5. Nitrogen is fixed by the nonsymbiotic nitrogen-fixing bac- 
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teria and is converted into cellular substance. When these cells die, their 
protoplasm is available for the growth of species of bacteria capable. of 
utilizing one or more of its nitrogenous constituents, and a mixed popu- 
lation can develop. Ammonia will be one of the end products of the 
metabolism of these heterotrophic bacteria and can serve as a nitrogen 
source for still other species of heterotrophic bacteria. This phase of 
the bacterial nitrogen cycle, therefore, is reversible. With the accumu- 
lation of ammonia in the environment, conditions could become suitable 
for the growth of the nitrifying bacteria, and nitrates would accumulate. 
Under anaerobic conditions nitrates can act as a hydrogen acceptor and 
be reduced back to ammonia, a reversible cycle by itself and involving 
altogether different genera of bacteria, which is not necessary in the 
ammonia—organic nitrogen cycle. Also under anaerobic conditions, ni- 
trate can be converted into nitrogen in a nonreversible part of the entire 
cycle by a number of species of bacteria. Only in the Eubacteriales are 
there organisms capable of carrying out the major steps of the nitrogen 
cycle. This indicates the widely diverse metabolic types found in this 
order of living things, and since all of these bacteria can be found in the 
soil, it also suggests the multiplicity of reactions involved in the main- 
tenance of the dynamic equilibria of microbic populations in the soil. 

The carbon and nitrogen cycles are the most important cycles in nature 
as far as bulk alone is concerned, but the transformations which sulfur, 
iron, phosphorus, and other elements undergo in nature are equally 
essential in so far as maintenance of life on the earth is concerned. The 
principles in all the cycles are the same; the actors and their individual 
activities differ. Only the two more important cycles, those of phos- 
phorus and of sulfur, will be considered here. 

The Phosphorus Cycle. Phosphorus is the twelfth most abundant 
element in the earth, but it is unequally distributed in nature, great de- 
posits occurring in a few localities. Next to nitrogen it is the limiting 
element of crop production in many soils, and it is also a highly essential 
element for other forms of life, frequently constituting from 10 to 20 per 
cent of the inorganic matter of the cell. Within the cell it is found in 
various combinations ranging from the nucleoproteins to the coenzymes 
of fermentation and of energy transfer. 

Phosphate occurs in the soil in organic combinations and as salts of 
ealeium and other minerals. The mineral phosphates are generally in- 
soluble and are rendered soluble through the activities of bacteria and 
other microorganisms. For example, the sulfur bacteria oxidize sulfur 
with the formation of sulfuric acid, which can then react with calcium 
phosphate, setting soluble phosphate (phosphoric acid) free and at the 
same time depositing calcium sulfate. Nitrie acid (nitrates) or organic 
acids from fermentation also play a part in the conversion of mineral 
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phosphates into soluble forms which can be assimilated by the plants. 
Within the plant, phosphorus enters into rarious organic combinations 
in addition to the combinations of phosphates as such. The plant serves 
as food for animals, and phosphates or organic phosphorus-containing 
compounds undergo further changes. With death of the plant or animal, 
or excretion of wastes by the latter, combined phosphorus may once 
again enter the soil. Phosphates as such are available for microbie or 
green plant life once again, while the organic phosphorus compounds 
must be broken down by bacterial action before the phosphorus 1s 
again available for plant life. It should be mentioned at this point 
that the breakdown of nitrogen-, phosphorus-, iron-, sulfur-, or other 
mineral-containing organic compounds with the liberation of these ele- 
ments in combinations assimilable by the green plants is spoken of as 
mineralization. 

Once phosphates are brought into the soluble form in soil, they can 
be utilized by the microbic population or by the green plants. A portion 
of the soluble phosphates, as well as of nitrates, ammonia, and various 
salts, is lost from the soil by drainage into the streams and larger bodies 
of water, where these substances become available for aquatic life. An- 
other loss to the soil occurs when plant residues or the wastes of animals 
and also their dead bodies are not returned to the soil. These substances 
enter into their respective cycles elsewhere, but their loss from the soil 
must be made up by the use of appropriate fertilizers. 

The Sulfur Cycle. No particular genera of bacteria are essential for 
the phosphorus cycle, and actually it is not as specific as are the nitrogen 
and sulfur cycles, which have much in common. Nitrogen and sulfur 
both occur in nature in elementary form, and both enter the atmosphere 
as a result of combustion or of decay and fermentation. Sulfur com- 
pounds, however, are generally present only in traces in the air except 
around industrial cities or voleanoes. The rains dissolve them and carry 
them into the soil where they eventually become available for plant life. 

Hydrogen sulfide is washed into the soil, and there it is utilized by the 
autotrophic sulfur bacteria as a hydrogen donor for the reduction of 
carbon dioxide, sulfides being oxidized to sulfur and eventually to sulfates 
(sulfuric acid). The sulfur bacteria have been considered under meta- 
bole groups, and therefore the individual species will not be discussed 
here. Sulfur itself can also serve as an energy source in oxidations car- 
ried out by these bacteria and can be employed directly as a fertilizer. 
These bacteria not only make sulfates available for the green plants, but 
the sulfuric acid produced as a result of their activities also serves to 
bring phosphates and other insoluble constituents of the soil into solu- 
tion and in this manner further increases the fertility of the soil. Sulfur 
dioxide, as well as hydrogen sulfide, is present in the air, and when it 
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enters the soil in solution in water, it can be converted into sulfuric acid 
or sulfates. 

Once sulfate is taken up by the green plant, sulfur enters into a variety 
of combinations, particularly in amino acids and the complexes they form 
within the cell. Upon death of the plant or of animals feeding upon the 
plants, much of the sulfur is in organic combination and must be set free 
from these compounds by bacterial action before it can be assimilated by 
another plant. This liberation of hydrogen sulfide is frequently employed 
as a differential test in the laboratory; e.g., Salmonella typhosa can be 
distinguished from Shigella dysenteriae by the ability of the former species 
to form hydrogen sulfide in stab cultures. The sulfur bacteria, both 
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chemosynthetie and photosynthetic species, are active not only in the 
soil but also in muds and in sulfide- or sulfur-containing waters, where 
they also contribute their bit to the maintenance of the sulfur cycle. This 
cycle is illustrated in Fig. 15-6. 


MICROBES AND AGRICULTURE 


We have been considering only one phase of agriculture, the main- 
tenance of soil fertility. The role of bacteria and other microorganisms 
extends farther than this in modern agriculture, which considers not 
only the production but also the utilization of the crops. The bacteria 
in the soil are competing with each other and with other organisms for 
available nutrients and living room, and while in the over-all scheme of 
events they do aid in maintaining soil fertility, yet certain of the com- 
petitions (e.g., phages active against rhizobia) may be detrimental to 
the practice of agriculture. Once more is known of the activities of the 
different species and genera, it might be possible to control their activities 
to a greater extent and to direct them along lines most beneficial to man. 
Certain of the antibiotics produced by the soil forms may in time find 
as great application in the control of soil bacteria and in particular of 
bacteria pathogenic for the plants growing thereon as the present appli- 
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cation of this type of agent to the treatment of human infections. Sym- 
biotic as well as antibiotic effects play important roles in the production 
and utilization of crops. 

Symbiotic relationships are involved in many instances in the develop- 
ment of plants. The combination of a fungus and plant roots to give a 
structure known as a mycorrhiza (fungus root) is essential for the growth 
of many plants, shrubs, and trees. Many plants do not form root hairs, 
or form them to a limited extent only, and the root systems are unable 
by themselves to absorb sufficient water and nutrients from the soil to 
maintain growth of the plant. Certain fungi grow.on the roots, branches 
of the mycelium often penetrating into the roots, mostly between the 
cells, forming a network. Other hyphae extend into the soil and garner 
water and nutrients, some of which are utilized by the plant. The plant 
in its turn can supply organic matter for growth of the fungus partner. 
A mycorrhiza is the complex combination of root and fungus which serves 
as a working unit much like the lichen unit considered earlier in this 
chapter. Some plants, such as the Indian pipe and certain species of 
orchids, are entirely dependent upon the mycorrhizal relationship for 
growth and in fact are devoid of chlorophyli, obtaining organic matter 
from their fungus partners. In most instances, however, the mycorrhizas 
are found on the root systems of green plants, truffles being an example 
of a fungus (highly prized for its flavor) which grows in partnership 
with certain trees. Most forest trees appear to depend upon fungi on 
their root systems for a major part of their water and salt supply. This 
type of relationship is of considerable interest to the biologist and well 
illustrates a system in which two partners have sacrificed some inde- 
pendence and gained some security in the struggle for existence. 

Symbiotic relationships are also noted in the production of meat ani- 
mals. Cellulose is a major constituent of forage crops, yet cellulose as 
such is not a good foodstuff, even for the ruminants which consume huge 
quantities of it in their diet. In the cow, for example, there exists in the 
paunch a mixed microbial flora, bacterial and protozoan, which predigests 
the cellulose before it enters into the digestive system proper of the cow. 
Not only do these organisms serve as a source of enzymes for the diges- 
tion of cellulose, but they in turn serve as a part of the protein require- 
ments of the animal. Recent studies have indicated that urea can replace 
much of the protein required by ruminants in their diet, the urea serving 
as a nitrogen source for the synthesis of the proteins of the microorgan- 
isms within the predigestion tract of the ruminants. The microorganisms 
so produced serve as the protein source for the animal. These studies 
lend further support to the possibility that in the future microorganisms 
themselves may to some extent supplant more expensive sources of pro- 
tein, fats, and carbohydrates in the human diet. 
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Studies on the relation between virulence of plant pathogens and the 
genetic composition of susceptible and resistant strains of the plant host 
may in time lead to marked advances in our knowledge of infection and 
resistance in man. Agriculturalists have shown that it is possible to de- 
velop disease-resistant strains of plants, and this in turn has increased 
crop yields per acre of tillable ground. Increased yields mean a greater 
drain of essential elements from the soil and hence that more attention 
must be paid to the maintenance of soil fertility. There are still enor- 
mous losses annually both from plant diseases (see Chap. 24) and as a 
result of competition between crop plants and weeds, but this is being 
reduced by the application of methods devised by scientific studies of the 
various factors involved. 

Finally, the residues of many crops are not being returned to the soil 
and are simply allowed to decompose, either in piles of the material on 
land or in bodies of water, or the material is dried and burned. In the 
future these unused end products of agriculture may serve as food for the 
production of microorganisms which produce materials of more direct 
benefit to man. Not only is agriculture involved in the maintenance of 
soil fertility and the production of plant and animal crops, but it is also 
playing an ever-increasing role in the provision of materials other than 
foods needed in the daily activities of man. Ultimately the metabolic 
activities of the bacteria and other microorganisms in the soil control the 
destinies of man. 
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CHAPTER 16 


BACTERIOLOGY OF WATER 


A considerable portion of the earth’s surface is covered with water, and 
while the numbers of bacteria per unit volume are much less than in 
fertile soils, yet the total volume is so immense that it suffices to support 
the growth of an enormous number of bacteria, whose activities are of 
importance in the economy of nature. Various cycles of the elements 
are operative in aquatic habitats as well as in the soil, and the bacteria 
play their role in the maintenance of these cycles. Species other than 
those encountered in the soil are frequently involved; e.g., Azotobacter 
agilis appears to be more important as a nitrogen fixer in water than in 
soil; but the principles remain the same as those developed in the dis- 
cussion of soil bacteriology and will not be elaborated further. 

Water in general is a relatively poor habitat for the development of 
most of the saprophytic bacteria since they are adapted for growth in 
an environment richer in organic matter. The natural flora of a noncon- 
taminated body of water would consist of species capable of growth in 
dilute solutions of nutrient matter, organic or inorganic in composition. 
Organic matter would favor the growth of heterotrophic species while a 
primarily inorganic solution would be most conducive for growth of auto- 
trophic species. An aquatic environment tends to be favorable for the 
growth of algae, and this growth would pave the way for growth of 
heterotrophic bacteria in association with the algae or upon their dead 
bodies. As the algae and other water plants (together with the aquatic 
animals which feed upon them) die, they settle to the bottom, where 
they enrich the local supply of nutrient organic matter and provide an 
environment more conducive to the growth of heterotrophic bacteria. 
The bottoms of bodies of water rather closely resemble soil in compo- 
sition, and in this bottom mud anaerobic conditions generally prevail. 
The flora at the bottom of a body of water, therefore, tends to be quite 
different from that near the surface. The entire picture can change if 
considerable quantities of foreign matter enter the water, and it also 
changes with the changing seasons, bacterial activity being most evident 
in the summer and early fall months. 

The bacterial flora of water tends to be of two general types, the 
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characteristic aquatic forms (see Fig. 16-1), which have not been studied 
extensively, and the bacteria which gain entrance to the water from the 
soil, the air, and in organic wastes. Most studies in water bacteriology 
have been directed toward the bacteria present in organic wastes, prin- 
cipally sewage, and the role they play in sanitation. The bacterial flora 
of water is to a considerable extent indicative of the source of the water, 
and for purposes of discussion nat- 
ural waters can be divided into 
four main groups: (1) atmos- 
pheric, (2) surface, (3) ground, 
and (4) stored waters. 
Atmospheric Water. Rain and 
snow are the two important atmos- 
pherie waters, and they may at 
times contain considerable num- 
bers of bacteria. These bacteria 
are primarily those borne by the 
air which has been “washed” by 
snow or rain. They are, there- 
fore, most predominant early in 
the course of the disturbance un- 
less unusual circumstances exist. 
Leeuwenhoek early observed that 
rain water tended to be free of 
microorganisms. It is readily ap- 
parent that rain or snow does not 
provide a suitable pabulum for the 
growth of bacteria and that the 





forms present in such waters as Fic. 16-1. Various species of stalked 
they fall through the atmosphere bacteria from a freshwater lake. [From 
Henrict and Johnson, Journal of Bac- 


are earried mechanically. ; E 
. leriology, 30, 61 (1935).1 


Surface Waters. Rain or snow 
earries air-borne bacteria to the earth, and on the earth’s surface the 
fallen water is immediately contaminated with the soil flora of the area. 
These organisms are earried with runoff water into the streams which 
drain the area, or they may be earricd with seepage water into the soil 
to an extent dependent upon the filtration characteristics of the soil. 
The numbers of bacteria carried in the drainage from the soil tend to 
decrease with increasing length of the rainfall, and the late runoff tends 
to dilute the bacterially rich waters previously carried by the streams 
into their depositories. 

Streams originating in high, rocky areas contain relatively little or- 
ganic matter in solution, and the numbers of bacteria are low. As a 
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stream flows through cultivated areas, it recerves more and more organic 
matter and minerals, and the bacterial count increases to 4 marked ex- 
tent. Organic and industrial wastes are contributed to streams flowing 
through heavily populated areas. With the influx of sewage into a stream 
the bacterial flora shifts from predominantly soil forms to a mixture of 
soil and fecal bacteria, many of the latter tending to disappear rather 
rapidly in the struggle for existence in the stream. a 

The influx of considerable quantities of organic matter into water facili- 
tates growth of the saprophytic species and of protozoa. The latter in 
turn act as a limiting agent for bacterial growth, as many species feed 
upon the bacteria. Organic matter and silt in suspension in the water 
tend to settle out and to carry bacteria and other microorganisms with 
them. This settling out and partial purification is most pronounced in 
deep, sluggish streams and enhances growth in the bottom ooze. The 
presence of organic matter in suspension and in solution in water results 
in an increased demand for oxygen for respiration of the nonphotosyn- 
thetic forms of microbic life and also for the spontaneous oxidation of 
the organic material. The amount of oxygen required by a sample of 
water for the oxidation of its organic (and to a limited extent, inorganic) 
content can be determined by chemical methods and is known as the bio- 
chemical oxygen demand (BOD). A water with a high BOD suggests 
that anaerobic conditions are present, or can develop, and that putrefac- 
tion and fermentation will prevail if the water is not continuously aerated. 
A water low in dissolved oxygen and with a high BOD will be unfavor- 
able for the growth of higher forms of animal life, and in particular this 
situation is reflected in a marked decrease in the fish population. 

Forces other than settling alone and inhibition of growth of aerobic 
bacteria by decreased oxygen tension are operative in the self-purifi- 
‘ation of a stream. In turbulent streams there is greater chance for the 
bacteria to be exposed to the germicidal action of ultraviolet light. Owing 
to its low penetrating power in water and its relatively low intensity, 
there is considerable doubt as to the effectiveness of ultraviolet light as 
a purification mechanism. Another factor to consider is the plant growth, 
particularly the algae on the banks and, to some extent, the bottom of a 
stream. This growth tends to absorb bacteria which come in contact 
with it. However, the bacteria may grow in association with the algae, 
and when the latter die and break away, the bacterial count of the water 
is again increased. Competition for survival between the various aquatic 
forms is of some importance, particularly for the pathogenic forms, most 
of which do not survive for long periods in ordinary waters. Tempera- 
ture also plays an important role in determining the numbers and activitv 
of water-borne bacteria. In some streams, particularly heavily polluted 
ones like the Ganges, the bacteriophage may be active to some extent 
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and aid in limiting the numbers of bacteria in the stream. A flowing 
stream is so subject to change in its composition and the factors involved 
are so complex that as yet only general statements can be made with 
safety. Each stream and each change in conditions present separate 
problems. 

Ground Waters. Little need be said about ground waters, as they 
tend to be relatively free of bacteria if they are obtained from some 
depth. The soil and other layers such as sand and gravel in the earth’s 
crust act as filters, and water flowing through favorable strata in the 
varth is rapidly purified. This water, however, must be collected in such 
a manner that no contamination enters it. Dug wells are frequently so 
shallow that surface water or water from cesspools or other sewage- 
disposal units is not subjected to sufficient filter action. Intestinal patho- 
gens can gain entrance to such water supplies and the contaminating 
organisms be transmitted by means of the water, although it does not 
serve as a suitable pabulum for growth. Water from drilled wells, which 
extend to a considerable depth into the earth, is generally safe if col- 
lected through a tight iron casing. Chemical and bacteriological methods 
are available for the sanitary analysis of a water supply and should be 
employed if there is the least doubt as to the safety of a ground water 
intended for drinking purposes. 

Water from springs is an underground water and, if not subjected to 
pollution, is safe for drinking purposes. Bacteria from the soil do, how- 
ever, gain entrance to springs, and the bacterial count may be greater 
than that of water from deep, properly constructed wells. The bacterial 
flora of unusual spring waters, those high in particular minerals, is of 
considerable interest to the microbiologist. Sulfur bacteria are frequently 
found in abundance in sulfur- or sulfide-containing springs, iron bacteria 
in waters rich in iron, and thermophilic species in hot springs. These 
organisms for the most part tend to be autotrophic in character since the 
amount of organic matter in such waters is low. 

Stored Waters. This term is applied to waters which remain in ponds, 
reservoirs, lakes, or oceans for some length of time and in which an 
equilibrium tends to be established between the various organisms con- 
stituting the microbie population. Each body of water presents special 
problems: the nature of the surrounding country and vegetation, the 
season, individual chemical components, and total inorganic salt content. 
The general problem of water bacteriology can be well illustrated in a 
discussion of lake water. ) 

Lakes are generally classified into three main types on the basis of 
their general suitability for the support of living matter. These are 
eutrophic (well-nourished), oligotrophic (poorly nourished), and dys- 
trophic (abnormally nourished) lakes. A eutrophic lake is generally 
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one which receives water from a stream draining areas rich in vegetation 
and consequently contains a relatively high concentration of essential 
minerals and organic matter and is capable of supporting an abundance 
of aquatic life, both microscopic and macroscopic. Oligotrophic lakes 
are less productive, usually being spring-fed and therefore of lower nu- 
trient content. Dystrophic lakes drain bogs or swamps and are char- 
acterized by a high organic content of peculiar organic matter, gencrally 
the remains of partial digestion of matter in the areca draining into the 
lake. These lakes are usually dark in color, the color absorbing sunlight 
and the water usually being cold a short distance below the surface. The 
water is usually quite acidic in reaction and is capable of supporting the 
erowth of relatively few species of bacteria or of other forms of life. 

Many of the investigations on lake waters have been carried on with 
the ordinary techniques of soil bacteriology, particularly plate counts 
in a variety of media and isolation of individual species which will grow 
on such media. Enrichment media have also been utilized for the study 
and as an aid in the isolation of individual metabolic groups. It is very 
difficult to distinguish between soil forms which are usually present in 
water but are not very active in such a habitat and the species normally 
active in and characteristic of the water as such. Henrici and his co- 
workers have contributed a number of important studies in the field of 
the bacteriology of lakes, employing a direct microscopic method for 
studying the bacterial population. They attached glass slides to lines 
suspended in the water and observed that many unusual species of bac- 
teria (see Fig. 16-1) attached themselves to and grew on the slides. These 
bacteria, species of Caulobacteriales and Chlamydobacteriales in particu- 
lar, could be observed in stained preparations but did not grow readily if 
at all on ordinary media. They are, therefore, not observed in the usual 
methods of study. The microscopic method is limited to morphological 
observations and tells nothing of the physiological activities of the organ- 
isms in the water. The increase in number of bacteria per unit area of 
the slide per day does, however, serve as an indicator of the growth rate 
of the observed species. 

The numbers of bacteria are greatest in the well-nourished lakes, de- 
crease from the shore toward the middle of the lake, and are greatest 
in shallow areas where plant and animal life is abundant. Henrici has 
reported plate counts in a good eutrophic lake ranging from 900 per 
milliliter in the central part to 30,000 in shallow areas, the microscopic 
count indicating growth ranging from 500 bacteria per day per square 
millimeter of immersed slides to 3,500 in the two locations, respectively. 
Che numbers of bacteria developing on a slide per day decrease much 
more rapidly than the plate count with increasing depth of the lake. 
Lower temperatures no doubt account for the decrease in bacterial ac- 


BACTERIOLOGY OF WATER 361 


tivity while the higher plate counts suggest that bacteria developing in 
the upper part of the water do tend to settle out. Marked changes in 
counts are observed in the fall and spring months when temperature 
changes and other factors cause a marked movement (turnover) of water 
from the deeper portions to the surface. Storms naturally cause a dis- 
turbance in lake waters, and violent ones may stir up the more anaerobic 
species developing in the bottom mud. Seasonal fluctuations in the photo- 
synthetic, microscopic populations and the forms associated with them, 
in other words, the plankton, are one of the most important natural 
factors influencing bacterial growth in lakes. A high plankton count 
indicates an actual or potential high organic content of the water and 
more favorable conditions for the growth of saprophytic species. 

The numbers of bacteria in bottom mud approach those in soil and 
are greatest in the surface layer of the mud. They are probably some- 
what less active than in the adjoining soil areas since both the available 
oxygen and the temperature are generally considerably lower. At the 
low temperature prevailing in most lake bottoms and under the anaerobic 
conditions which tend to develop therein, fermentative or incomplete oxi- 
dation of foodstuff is commonly prevalent. In shallow areas where sun- 
light can penetrate readily to the bottom, commensal activity can be 
observed between aerobic and anaerobic life, and photosynthetic an- 
aerobic species of bacteria, either autotrophic or heterotrophic, can de- 
velop. Hydrogen, being an end product of the anaerobic decomposi- 
tion of carbohydrates and amino acids by a number of bacterial species, 
is present in appreciable amounts in many muds and can be utilized as 
an energy source by hydrogen-oxidizing bacteria in the upper layer of 
mud if oxygen is available. Carbon dioxide is also present in abundance 
and, as has been shown by the studies of Barker, will act as a hydrogen 
acceptor for oxidations carried out by the methane bacteria. It was 
formerly believed that the methane (marsh gas) commonly produced 
in swamps and in sewage-disposal systems was produced directly from 
organic matter. Barker, as a result of a variety of studies including 
the use of radioactive isotopes, demonstrated that organic matter Is 
decomposed by the methane bacteria with formation of carbon dioxide 
as one end product of decomposition. This carbon dioxide, or that pro- 
duced by other forms of life, is utilized as a hydrogen acceptor in the 
metabolism of the methane bacteria and is reduced to methane. 

The Seas. The general types of bacteria found in salt waters resemble 
those found in fresh water, many of them possibly having arisen by 
adaptation of fresh-water or soil species to growth in the presence of 
considerable quantities of salt. Many of the salt-water bacteria will not 
grow iD media of reduced salt content and are spoken of as halophilic, 
or salt-loving, bacteria. Plate counts indicate that bacteria are most 
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numerous near the shore and particularly near the outlets of streams, 
although most species of fresh-water-borne bacteria die off rapidly in 
waters of high salinity. The numbers of bacteria decrease quite rapidly 
a short distance from the shores of large bodies of salt water, and many 
of the species in the bulk of the surface water of oceans are associated 
with the plankton and in particular with the diatoms. Pigmented species 
constitute about one-fourth of the colonies isolated from fresh water 
while about three-fourths of salt-water bacteria are chromogenic. The 
significance of pigmentation is not known. It is also of interest that 
sea water is the main source of agar-liquefying bacteria and also of the 
luminescent species. 

Studies on the microflora of waters of very high salinity indicate that 
life can exist under these extreme conditions. Elazari-Volcani has studied 
the microscopic life in the Dead Sea, a body of water with a salt con- 
centration ranging from about 23 g. per 100 ml. at the surface to a maxi- 
mum of 33 g. Samples taken from different areas and depths contained 
a number of species of bacteria and algae. The three predominant mor- 
phological types of bacteria required a high salt concentration for growth 
in various media, 1.e., were halo-obligatory species. Two species of red 
pigmented, facultatively anaerobic, rod-shaped bacteria were frequently 
observed. Both species reduced nitrates with evolution of gas (denitri- 
fication) ; one was fermentative in character, the other not. Both failed 
to grow in media of less than 15 per cent salt concentration. A red 
micrococcus and a rose-colored sarcina were also relatively abundant. 
The four halo-obligatory species were all gram negative. 

Three halotolerant species, organisms capable of growth over a wide 
range of salt concentration, are common in the Dead Sea. They are all 
gram-negative rods and are characterized by the formation of blue-brown, 
grayish-white, and yellowish colonies on peptone agar containing potas- 
sium nitrate and different concentrations of salt. Salt-resistant spores 
were also frequently observed and appeared to be spores of typical soil 
bacteria. 

Physiological types encountered in water of the Dead Sea were denitri- 
fying bacteria, aerobic cellulose fermenters, and fibrinolytic bacteria, 
while sulfur-oxidizing and glucose-fermenting bacteria were present in 
the sea-bed mud. A rather rich flora of blue-green, and green algae and 
diatoms was also observed. The existence and development of bacteria 
in strong brines is an established fact, but studies on the majority of the 
species are not complete enough to identify positively all the species 
isolated. And here again one encounters the problem of what actually 
constitutes a species of bacteria, for many of the isolated organisms could 


be well-recognized species which have become adapted to growth in a 
saline environment. 
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BACTERIOLOGY OF WATER SUPPLIES 


A number of infectious diseases are caused by agents which enter the 
body in food or drink and which are eliminated in the feces or urine of 
the infected person, of convalescents, or of healthy carriers of the infec- 
tious organism. The principal water-borne diseases are typhoid fever, 
caused by Salmonella typhosa; the paratyphoid fevers, caused by species 
of Salmonella; Asiatic cholera, caused by Vibrio comma; bacillary dysen- 
tery, caused by Shigella dysenteriae; and amoebic dysentery, caused by 
a protozoon, Endamoeba histolytica. Water containing human or other 
animal excreta may at times contain one or more of the above pathogenic 
forms and is said to be contaminated. It is generally difficult to dem- 
onstrate the pathogens in water, and the sanitarian therefore looks for 
evidence of feeal pollution, contamination, of a water supply. Bacterio- 
logical examinations of water supphes deal primarily with determina- 
tions of possible contamination of water. Many cities obtain their water 
supply from lakes or streams, and these waters are usually subject to 
contamination, to the greatest extent by sewage from other cities farther 
up the lake or river. It is of considerable importance from the public- 
health standpoint that drinking waters be made safe, i.e., have a good 
reputation in actual use and yield good results on laboratory examination. 

Sanitary Inspection. The evidence for possible transmission of a 
number of infectious agents by water is conclusive. Few would conclude 
that the water in a stream is safe for drinking purposes if it looks clear 
but at the same time it is known that sewage empties into the stream 
at some point above. Likewise the water from a shallow well in a barn- 
yard or close to and below a privy could hardly be regarded as safe for 
drinking purposes. A sanitary inspection or survey of a water source 
is simply an attempt to determine whether it is possible for pathogenic 
organisms to gain entrance to the water supply. cum 

Chemical Methods. Chemical methods are of value as an aid in the 
determination of the past history of the water. They do not differen- 
tiate between matter of fecal origin or of origin in the soil or industrial 
wastes, A high BOD indicates an appreciable organic content and 
greater chance for survival of pathogenie forms if they are present. 
An increase in chlorides suggests the possible entrance of sewage, since 
urine is high in chloride content. The nitrogenous content of the water 
is most indicative of its past history, as it reflects the nitrogen cycle. 
Analyses are conducted for combined ammonia, free ammonia, nitrites, 
and nitrates. Combined ammonia is that rapable of being released from 
organic matter upon proper treatment and generally indicates the amount 
of nitrogenous matter capable of undergoing decomposition. Free am- 
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monia is that actually present as such, and a high value is indicative of, 
but not proof for, recent pollution with sewage. Urea, which is liberated 
in considerable amounts in sewage, is rapidly broken down into ammonia 
and accounts for most of the ammonia in polluted waters. The ammonia 
is oxidized rather rapidly in many waters to nitrites and the nitrites to 
nitrates. A high nitrite concentration is indicative of fairly recent pol- 
lution with organic matter, while a high nitrate concentration is sugges- 
tive of more remote contamination. Low values for ammonia and high 
nitrites or nitrates suggest that many of the pathogenic forms, which 
would enter if sewage were flowing into the water, have probably been 
removed or destroyed. Chemical analyses are suggestive of the past 
history of the water but do not indicate that it is fit or unfit from the 
viewpoint of the sanitarian. When chemical analyses are carried out at 
frequent intervals, any abrupt increase in chlorides or in ammonia, free 
and combined, suggests possible trouble. These analyses are rapid and 
quite easy to carry out, but bacteriological analyses provide more direct 
evidence. , 
Bacteriological Methods. Too few pathogenic bacteria are normally 
present in water contaminated with sewage to enable the bacteriologist to 
separate and identify them in admixture with other species. Escherichia 
coli, on the other hand, is practically always present in fecal material in 
large numbers, an average of more than two hundred billion being ex- 
ereted per individual per day. Besides being present in large numbers in 
fecal matter, this is the main source of this bacterium in nature. It ean 
be detected fairly readily, even in small numbers in water, and for these 
reasons #. coli is used as an indicator of fecal pollution. The presence 
of this organism in a water supply does not prove that the water is 
actually unsafe for drinking purposes; it simply means that sewage is 
entering the water and, therefore, that the possibility exists that intes- 
tinal pathogens will at times gain entrance into the water along with 
£. colt. In former practice, water was examined for the presence of EF. 
colt, but in more recent years water has been judged on the basis of the 
presence or absence of “coliform bacteria.” The term coliform refers to 
all species of the genera Escherichia and Aerobacter. Aerobacter species 
are generally of soil or plant origin, but they are found in approximately 
10 per cent of all fecal samples examined. They are somewhat more 
resistant than EF. coli to unfavorable conditions in water, and the differ- 
entiation between fecal and nonfecal types involves considerable addi- 
tional time. For these reasons, and for an additional factor of safety, 
waters are generally examined for the presence of this group rather than 
for E. coli alone. Some workers prefer to examine water for the presence 
of fecal streptococci or clostridia rather than for coliforms. British pro- 
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cedures are somewhat different from American ones but serve the same 
purpose. 

As the result of extensive studies, practical experience, and many dis- 
cussions, standard methods for the examination of water have been recom- 
mended and are in common use. These methods are described in detail 
in “Standard Methods for the Examination of Water and Sewage” pub- 
lished by the American Public Health Association. New editions appear 
at intervals dependent upon progress in the development of chemical and 
bacteriological methods for the examination of water. Standards for the 
bacteriological quality of water have been set up by the U.S. Public 
Health Service for drinking water provided in common carriers in inter- 
state service. The American Water Works Association has recommended 
the adoption of these standards! by all public-water-supply authorities, 
but standards in actual use vary in different localities. 

In routine bacteriological examinations of water there may be some 
variation in the actual methods employed, but all operate on the same 
basie plan. Coliform bacteria ferment lactose with the production of 
acid and gas, while most other species of bacteria do not utilize lactose 
or ferment this sugar with the production of acid only. The addition of 
lactose to nutrient broth tends to promote growth of lactose-utilizing 


1 The minimum number of samples and frequency of testing are dependent on the 
population served, the number varying from 1 sample per month for a population of 
2.500 to 500 samples per 5,000,000 population served. When five 10-ml. portions of a 
sample are tested, not more than 10 per cent shall show the presence of coliform or- 
ganisms. When five 100-ml. portions is the test sample examined, not more than 
60 per cent shall show the presence of coliform bacteria. Using a standard tech- 
nique of water examination, it is possible to obtain an accurate approximation of the 
most probable number of coliform bacteria per 100 ml. from the following table: 
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Most probable numbers of coliform bacteria 
per 100 ml. 
Negative | Positive 





Five 10-ml. portions | Five 100-ml. portions 





5 0 Less than 2.2 Less than 0.22 
4 1 2.2 APP 4 
3 2 5.1 51 
2 3 9.2 .92 
1 4 16.0 1.60 
0 5 More than 16.0 More than 1.60 


For complete details, see U.S. Public Health Reports, 68, 69-111 (1943). 
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bacteria in greater amount than that which would take place in plain 
broth alone; hence the lactose broth serves to some extent as an enrich- 
ment medium for the growth of lactose utilizers. Gas production sug- 
gests the presence of coliform bacteria. The next steps are the isolation 
of pure cultures and the identification of the organisms as members of 
the coliform group. 

The Presumptive Test. Water, collected in sterile containers and in 
such a manner that the sample is a truly representative one, is added in 
measured amounts to lactose-broth (or to other media such as lactose- 
lauryl tryptose broth) fermentation tubes, aseptic technics being em- 
ployed at all times. Production of gas within 24-hr. incubation at 35°C. 
constitutes a positive presumptive test. It is presumptive but not con- 
clusive evidence that coliform bacteria are present, since other bacteria 
are capable of producing gas. A limited number of species of bacteria 
by themselves ferment lactose with gas formation. In addition, a number 
of pairs of bacteria, generally comprised of a gram-positive and a gram- 
negative species, may elicit the same reaction. One organism produces 
an acid which is utilized by the second species with the formation of 
gas. This synergistic action can be prevented in most instances by the 
addition of an agent such as crystal violet to the broth, the dye inhibit- 
ing or preventing growth of gram-positive species. 

If no gas is produced in 24 hr., it is necessary to reincubate the lactose- 
broth tubes for an additional 24 hr. This provides additional time for 
the development of slow-growing or slow-fermenting strains, or for pos- 
sible growth of coliform bacteria which had been inhibited by the growth 
of predominant species in the first incubation period. When no gas is 
produced during 48-hr. incubation, the test is reported as a negative pre- 
sumptive test, which indicates that the water may be considered bacterio- 
logically safe for drinking purposes. The formation of gas in 24 or 48 
hr. constitutes a positive presumptive test. Evidence must now be ob- 
tained for the actual presence of coliform bacteria. 

The Confirmed Test. Samples from positive or doubtful presumptive 
tests are streaked out on lactose-agar plates (Endo or EMB) in order to 
obtain isolated colonies, or are inoculated into brilliant green lactose bile 
broth (for details see “Standard Methods”). An indicator of lactose 
fermentation is present in the agar and serves to differentiate between 
lactose- and non-lactose-fermenters. Endo’s or eosin-methylene blue 
agar is irequently the medium employed in this step of the examination. 
si Seen = lactose-fermenting bacteria develop within 
24 8 hr. ¢ if any are typical of those produced by coliform bac- 
teria, the test is reported as a positive confirmed test. Atypical colored 
colonies are always suspect, and the presence of such colonies would con- 
stitute a doubtful confirmed test. The lactose differential media actually 
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differentiate only between colonies of organisms fermenting lactose and 
those which do not, but experience in judging and differentiating between 
different types of colonies is of considerable value at this stage of the 
examination. The confirmed test merely confirms the results of the pre- 
sumptive test and provides colonies from which organisms can be picked 
for final identification. 

Enrichment and differential media have been employed in the first 
two steps of the examination and well illustrate the application of physio- 
logical principles. In recent years a number of lactose-broth media based 
on these principles have been proposed for use in place of the differential 
agar in the confirmed test. The composition of these broths is such that 
they facilitate the growth of coliform bacteria while inhibiting or pre- 
venting the growth of many other species of bacteria. These media are 
inoculated directly from the original lactose-broth cultures showing either 
a positive or a doubtful presumptive test. Gas within 48 hr. constitutes 
a positive confirmed test, and coliform bacteria are assumed to be present. 
No attempt is made to isolate individual species from the mixture in 
routine tests since the results of many examinations have indicated that 
it is not necessary. The use of such media reduces the time and labor 
required in routine analyses. A medium containing brilliant green and 
bile in lactose broth appears to be the most satisfactory. Even the most 
rapid tests require considerable time, and treated waters are generally 
consumed before the results of a test are known. 

The Completed Test. The purpose of this test is to prove definitely 
that the isolated colonies of lactose fermenters do ferment lactose with 
the production of gas and that this fermentation is induced by typical 
coliform, gram-negative, nonsporeforming rods. Inoculations are made 
from at least one typical coliform colony, or two atypical colonies, to 
plain lactose broth and to agar slants. Gas production in lactose broth 
and typical gram-negative coliform bacteria on the slants constitute a 
positive completed test, conclusive demonstration of the presence of bac- 
teria of the colon group in the water sample and highly suggestive of 
the probable contamination of the water with sewage. If necessary, the 
isolated bacteria can be identified by additional biochemical tests (see 
Chap. 23). 

Total Count. Plate counts are frequently employed as an additional 
aid in the bacteriological examination of water. Such counts are of most 
value in determining the efficacy of a water-purification measure. 

The Membrane Filter. Filter sheets (Millipore, molecular, or mem- 
brane filters) composed of cellulose esters have been developed that are 
able to remove bacteria from liquids or from air at a relatively rapid 
filtration rate. A measured volume of water can be passed through 
such a filter; the filter sheet can be transferred to the surface of a paper 
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pad containing a nutrient solution; and on incubation, colonies of pr 
teria develop on the filter membrane, nutrients diffusing through the 
filter to the bacteria deposited thereon. The colonies that develop can 
be counted, a grid imprinted on the filter (see Fig. 16-2) facilitating 
counting. Total counts can be made in this manner, or differential counts 
can be made, if a differential medium is employed in the paper base. 
“Standard Methods,” 1955 edition, does not recognize the membrane 
filter procedure as an acceptable substitute for the lactose-broth dilu- 





lic. 16-2, Mixed culture of coliform and intermediate bacteria from surface runoff 
water filtered through a Millipore filter. (Courtesy of the Millipore Filter Corpo- 
ration, Watertown, Massachusetts.) 


tion technie described above but does list it as a tentative method for 
the enumeration of coliform bacteria in water. A preliminary incuba- 
tion of the membrane filter on an enrichment solution for a period of two 
hours is recommended before transfer of the membrane to a differential 
medium. All dark colonies having a yellowish metallic-appearing sur- 
face luster on an Endo pad after 20 + 2 hours at 35°C. are counted as 
coliform organisms. Transfers can be made to lactose broth if it is neces- 
sary to confirm the results. Large or small samples of water can be 
tested, the volume employed depending upon the number of bacteria 
expected to be present in the water. The membrane-filter technic is a 
rapid one and shows considerable promise. Some discrepancies between 
the most probable number of coliform bacteria as determined by the 
older method and that determined by the filtration method have been 
reported, and the latter needs further study. 

The membrane-filter technie can also be employed for the evaluation 
of sanitary conditions of pipelines and other equipment in dairy and 
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food-processing plants, for the assay of microorganisms in air, for the 
isolation of specific bacteria from blood and other fluids, and for the re- 
moval of the disinfectant in studies on disinfection. Bacteria can be 
observed directly on these membranes under the microscope. 

Nuisance Bacteria. Nuisances in water systems and supplies can be 
created by a number of nonpathogenic bacteria. Nuisances include odor, 
taste, color production, increased turbidity, slime formation, deposition 
of materials in the distribution lines thus decreasing their carrying 
sapacity, and corrosion of iron pipes. Slime production is one of the 
more important problems for the producer and consumer, bad tastes and 
odors being imparted to the water, making it less desirable for drink- 
ing purposes as well as interfering with many industrial processes that 
require water of good quality. No particular group of bacteria is in- 
volved, although the stalked and sheathed bacteria may be of major im- 
portance in natural waters. In waters containing wastes such as fibers 
and other debris, the slime may consist primarily of the debris held to- 
gether by biological growths. Isolation of bacteria from slime does not 
prove that the organisms isolated are the cause of the slime since they 
can be entrapped mechanically. Many of the slime formers are iron- 
depositing bacteria, either oxidizing ferrous to ferric iron as an energy- 
providing reaction with precipitation of hydrated ferric hydroxide, or 
transforming iron indirectly as a result of their metabolic activities. 
Microscopic examination of slime for the presence of typical iron bac- 
teria is the most reliable method for the detection of true iron bacteria. 

Sulfate-oxidizing and sulfate-reducing bacteria also create problems in 
water systems. The sulfur-oxidizing bacteria contribute to the formation 
of slime, and those producing a high acidity ean aecelerate corrosion in 
pipes. Some of these sulfur bacteria ean be recognized by their appear- 
ance under the microscope, others by cultural methods. The same is true 
for the anaerobic, sulfate-reducing organisms. Methods for the detection 
of nuisance bacteria are described in “Standard Methods.” Filtration 
technies might prove valuable in the concentration of these organisms, 
when they are present in small numbers, and for their identification. 
Methods for the control of the nuisance bacteria are not so satisfactory 
as those for the control of the spread of the common infectious forms in 


water. 
PURIFICATION OF WATER 


Waters that have been found to contain coliform bacteria to an extent 
terium per 100 ml. of water are always suspect 
Fewer coliform bacteria than this represent an 
and an extremely minute possibility of the pres- 
Experience has shown that in general less 


greater than 1 such bac 
for drinking purposes. 
infinitesimal pollution 
ence of intestinal pathogens. 
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than 1 pathogenic bacterium is present per 100,000 coliforms in contam1- 
nated water. Few cities, however, have relatively pure sources of supply 
of water, and they must resort to purification procedures to render their 
supplies reasonably free from possible danger of transmission of infec- 
tious agents. The ability to dispense a bacteriologically safe water in 
huge volumes (40 to 200 gals. per capita daily) is a modern miracle of 
the application of principles of engineering, chemistry, and biology to 
the needs of everyday life. No other commodity is produced in such 
volume and in such a high state of purity. ; 

In many municipalities the water supply is sufficiently good that dis- 
infection is all that is required for the provision of a safe, suitable water. 
In other communities the water source is such that more extensive treat- 
ment is necessary to render the water safe and both aesthetically and 
actually satisfactory for home and industrial use. 

Sedimentation. River or lake water containing appreciable foreign 
matter in suspension is allowed to stand in reservoirs to permit the set- 
tling out of much of the undesirable material. Many microorganisms are 
removed during the holding period, and the water undergoes natural self- 
purification to a limited extent. Sedimentation is frequently aided by 
the addition of chemical agents (iron or aluminum sulfates, for example) 
which hydrolyze in water to form flaky, flocculent precipitates which 
settle out and carry with them much of the suspended matter. By the 
proper choice of reagents a hard water can be softened at the same time. 
Sedimentation with coagulation is normally carried out in special coagu- 
lation basins where smaller volumes can be handled than in the reservoir 
proper. Algae, particularly green and blue-green species, frequently give 
trouble in the reservoirs in summertime. They are not dangerous as such, 
but their presence leads to the accumulation of organic matter in the 
water and upon their death bacterial action on their bodies imparts dis- 
agreeable odors and taste to the water. Algal growth can be inhibited 
by the addition of around 5 lb. of copper sulfate per 1,000,000 gal. of 
water without impairing the quality of the water. 

Filtration. Since sedimentation and coagulation will not remove all the 
foreign matter from water, it is generally necessary to pass the water 
through appropriate filters. As early as 1829 filtration of river water 
through a sand filter was employed in London in order to remove ob- 
noxious matter. It was observed that this treatment apparently was of 
value in reducing the incidence of intestinal upsets among consumers of 
the water, but the germ theory of disease was as yet unknown and the 
resulting good was ascribed to removal of toxic matter. In the latter 
part of the last century it was observed that filtration removed 95 to 99 
per cent of the bacteria from water. The practical value of filtration 
became evident in 1892 when a devastating epidemic of cholera broke 
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out in Hamburg, Germany. Hamburg used raw water from the Elbe 
River while the city of Altona, adjacent to Hamburg, obtained water 
from the same source but subjected it to filtration before use. Hamburg 
had hundreds of cases of cholera per day, Altona few or none. Other 
examples of a similar nature confirmed the value of filtration of water 
as a means for the reduction of the incidence of intestinal infections. 

There are two common types of sand filters in general use, slow sand 
or rapid sand filters. The principle is the same in both cases, but in the 
rapid type, mechanical aids are provided for cleaning the sand in situ, 
and filtration can be maintained at a rapid rate over longer periods of 
time and with less time out for cleaning the zoogleal debris from the sand. 
The rapid type of filter is in general use today. Filtration alone greatly 
reduces the incidence of water-borne diseases, but it is never possible 
to remove all bacteria in such a rapid and large-scale procedure. It is 
therefore desirable to disinfect the effluent from the filter beds. 

Disinfection. Jewell in 1897 added chlorine in the form of bleaching 
powder as a disinfectant to the filtered water used in Adrian, Mich. Its 
use as a disinfectant for water supplies spread rapidly. In 1910 appa- 
ratus was devised for the mechanical addition of chlorine gas itself to 
water. Since that time, the use of chlorine or of chlorine plus ammonia 
for the disinfection of water supplies has been rather universally adopted. 
Death rates from typhoid fever alone have dropped from 20 or more 
per 100,000 population to less than 1 in areas such as the Middle Atlantic 
States where water-purification methods are widely utilized. 

It is important to stress again that disinfection is a slow process and 
that it cannot be speeded up by increasing the concentration of the 
chlorine in water to much more than 1 part per million, else the chlorine 
becomes obnoxious to the consumer. Satisfactory results are generally 
obtained when not more than 0.5 part per million residual chlorine 1s 
present after 15 min., and 0.05 to 0.1 part per million at distant points 
in the water distribution system. 

Purified Water. Water, after efficient filtration and chlorination, gen- 
erally has a low bacterial count, and coliform bacteria are no longer 
demonstrable. If the distribution system is well constructed and main- 
tained, the water on delivery to the consumer should be safe. The use 
of a common drinking cup or of unsanitary “sanitary” drinking foun- 
tains is at times responsible for the spread of infectious agents during 
the consumption of a safe water. There is no valid reason for the use 
of a common drinking cup in public places. Drinking fountains con- 
structed with slanting jets so guarded that contamination is almost im- 
possible are available, Faulty plumbing or plumbing fixtures do at times 
allow water to become contaminated, back siphonage from toilet bowls 
having been responsible for at least one major outbreak of amoebic dys- 
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entery. A safe water must be handled at all times in such a manner that 
contamination is practically impossible. 

Outbreaks of gastroenteritis, a mild intestinal disorder, have been 
traced with reasonable certainty to water that is safe on the basis of 
bacteriological tests. There is reason to believe that these epidemics 
may be caused by filtrable viruses. These viruses can pass through 
filtration plants and are more resistant than bacteria to the action of 
chlorine. They, or other infectious agents, may also gain entrance to 
the water in the distribution system. Endamoeba histolytica is resistant 
to chlorination and can be transmitted in sewage-contaminated water 
which is chlorinated but not filtered. Viruses causing intestinal upsets 
(and possibly other viruses, e.g., poliomyelitis) and £. histolytica must 
be brought under control in the purification plant before the sanitarian 
is really pleased. 

Not all bacteria are killed by chlorination as commonly employed, and 
the resistant species, while not pathogenic to man, may be a nuisance 
in water supplies. In particular, the iron bacteria are frequently objec- 
tionable as they can develop in the distribution system and in time de- 
posit such a quantity of iron hydroxide as to block the pipes partially. 
These and other bacteria following death in the distribution system can 
undergo decomposition with the development of undesirable odors and 
tastes in the water. The provision of both a safe water and one of high 
quality still presents many problems for the bacteriologist, the chemist, 
and the engineer. 


BACTERIOLOGY OF SEWAGE 


Sewage can be defined as the water supply of a city after use, or more 
simply as dilute water-borne wastes. It is variable in composition from 
day to day or even hour to hour and varies considerably between dif- 
ferent cities when their industrial wastes are of different characters. 
Sewage is the water-carried wastes of the laundry, kitchen, and bath plus 
industrial wastes and also street wastes in cities where there are no sepa- 
rate storm sewers. In a few instances the inorganic wastes create spe- 
cial problems of disposal, but in most instances the main problem con- 
sists in the conversion of undesirable organic matter into a state in which 
it is no longer offensive or dangerous. It is desirable to destroy or re- 
move fecal bacteria at the same time. Safe and efficient disposal of 
human excreta in sewage is the main goal. 

The method best suited for the disposal of excreta is determined 
largely by density of population and, unfortunately, cost. The outdoor 
toilet, or privy, is common in rural areas where plumbing is ‘absent or 
rudimentary, the cesspool or septic tank in more urban areas, and a 
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variety of procedures, ranging from dumping into a body of water to 
almost complete purification, are in use in cities. In any installation 
two major factors should be (but frequently are not) borne in mind: 
there should be no opportunity for the sewage to pollute the water 
supply of the same or of a different home or community, and there 
should be no opportunity for the transmission of infectious agents from 
the sewage to man by means of flies or other insects. Biochemical 
changes occurring in the privy vault, the cesspool, or the septic tank and 
its larger modifications are similar to those taking place in decaying 
matter in general. The following descriptions and discussion will be 
limited to the larger types of installations and to the disposal of human 
excreta, other materials presenting special problems. 

Purification of Sewage. Sewage normally is a dilute solution of in- 
organic and organic matter in water together with an average of approxi- 
mately 0.26 per cent of matter in suspension (settleable solids). The 
average adult excretes approximately 68 g. of urea in urine and 20 g. of 
solid matter in feces per day. The complete oxidation of this material 
would require about 96 g. of oxygen or 3,200 gal. of water saturated with 
air, 6,000 to 8,000 gal. giving better results. Complete oxidation is a 
goal but is never accomplished in even the best sewage-disposal system. 
Oxidation and other conversions are brought about by the action of a 
variety of microorganisms, the bacteria playing a very important role. 
The number and kind of bacteria in sewage vary to some extent, but 
the chief interest in sewage disposal is in the changes produced by the 
different bacteria and other microorganisms, rather than in the micro- 
organisms themselves. Saprophytic species predominate, but pathogenic 
forms are present in sewage and constitute a menace to public health. 

Fresh sewage flowing through the mains generally provides aerobic 
conditions for microbic activity. Urea is rapidly converted into ammonia 
and carbon dioxide, and if the flow is prolonged, nitrification can occur. 
The more readily utilized organic compounds may be oxidized to carbon 
dioxide and water in the mains. When the sewers are carrying capacity 
loads, anaerobic conditions can develop, and fermentative or putrefac- 
tive decompositions become evident. 

Most of the organic matter is not dissimilated in the mains and must 
be disposed of in some manner. When no treatment is employed, the 
sewage is disposed of by dilution in a body or stream of water, by use 
for irrigation purposes, or in a few cases by use in fish (carp) ponds. 
In water the organic matter is oxidized eventually to carbon dioxide 
and water, but fish and other aquatic life may suffer before this is accom- 
plished since the dissolved oxygen may be depleted. In addition the 
presence of sewage in a body of water is a definite nuisance. Land irri- 
gated with sewage soon becomes rich in organic matter and unless it 
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can be kept properly aerated will soon become sour, or “sewage-sick.” 
Sewage farming also can serve as a means for the spread of intestinal 
pathogens, particularly if leafy or low-growing vegetables are raised on 
the sewage farm. “Fish farming” in sewage is not a common practice. 

The methods commonly employed in sewage-disposal plants involve 
three main stages: removal of suspended matter, biological digestion, and 
final treatment. Both physical and biological principles are involved in 
the disposal of sewage, and the changes accomplished are so complex 
that only the more general aspects are known with any degree of cer- 
tainty. A flow sheet for a local installation and one for more complete 
treatment of sewage are presented in Figs. 16-3 and 16-4. 


Raw sewage 
/ L 
Grit chamber and sereen 
Pump 
Aerator 


Vacuator 
(to aid in removing suspended matter) 


Roughing biofilter 
(aeration and filtration) 


Clarifier ————————_» Sludge 


Effluent Sludge digester 


(recirculate if necessary for 
more complete purification) 


Fic. 16-3. Flow sheet for the sewage disposal plant at Palo Alto, California. 


Removal of Suspended Matter. Coarse material carried in sewage is 
frequently removed by screens or strainers in the line at the point of 
entrance of the sewage into the disposal system. The sewage then 
passes into sedimentation basins through which it flows very slowly. 
From 25 to 40 per cent of the organic matter in suspension separates 
out during the 6- to 24-hr. period in which sewage is normally held in 
the basins. Many bacteria are associated with the material which set- 
tles out of suspension, and this watery complex of inanimate and animate 
matter is known as sludge. Most of the constituents of sludge are not 
readily decomposed by microorganisms, and the disposal of sludge con- 
stitutes one of the major problems in a sewage-disposal plant. Much 
of the fat and certain other constituents of sewage rise to the top of the 
sewage in the sedimentation basin, and these substances must eventually 
be removed and disposed of. In more recent installations filtration 


through “biofilters” (see Fig. 16-4) is employed after preliminary clari- 
fication. 
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Digestion of Organic Matter in Solution. In the preceding paragraph 
the sewage was considered as being held in a sedimentation basin pri- 
marily for the removal of suspended matter. Actually much more is 
accomplished than mere sedimentation since biological forces are ex- 
tremely active during the holding period and since the sedimentation 
basin functions as a septic tank. Anaerobic conditions prevail in these 
tanks, and organic matter in solution is dissimilated with the production 
of fatty acids, gases, alcohols, 
amines, ammonia, sulfides, ete. A 
portion of the organic matter in 
suspension is hydrolyzed by extra- 
cellular enzymes, and the products 
of liquefaction then serve as addi- 
tional food for the microbie popu- 
lation. Nitrates are reduced to 
ammonia, or denitrification may go 
as far as the production of nitro- 

Bipesvac ; gen, reversing any nitrification ac- 
o chamber Sa complished in the mains. In this 
period of intense activity, competi- 
tion is keen, and many of the path- 
ogenic forms which may be present 
are destroyed. The less digestible 
material forms the sludge. Gas 
formed in these tanks tends to stir 
up the scum which collects on the 
Tia. 16-5. Schematie cross section of an Bune ante oa oie ee 
Frukoits tant: terial to the surface. For these 

and other reasons, the ordinary 
septic tanks have been replaced to a considerable extent by two-storied 
tanks (Imhoff) of special construction. 

Sewage slowly flows through the upper story of an Imhoff tank (see 
Fig. 16-5), and solids settle through slots in the bottom of this chamber 
into the lower compartment, where further digestion takes place. This 
type of tank is constructed in such a manner that gas escapes through 
gas vents without carrying much solid matter upward or disturbing the 
film which forms on top of the sewage in the upper story. Connections 
are also provided for the removal of sludge from the bottom of the tank. 
his re of septic tank is more efficient than the plain type in the re- 
savy suspended matter and in digestion of both liquid and solid 
material. 





. In these septic tanks, anaerobic decompositions result in the produc- 
tion of a variety of organic compounds, which must be oxidized further 
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before purification is complete. A more recent development in sewage - 
disposal, the activated-sludge process, favors the activity of aerobic bac- 
teria. Sewage flows into large aeration tanks and is inoculated with 
“ripe” sludge from a previous run. The sewage is continuously and vig- 
orously aerated, and a considerable portion of the readily utilized organic 
matter is oxidized to carbon dioxide and water. The effluent from an 
activated-sludge tank is much clearer and contains much less organic 
matter in solution than that from plain septic or Imhoff tanks. The 
sludge obtained from the activated process is about four times greater 
in bulk and much richer in nutrient value than that obtained from septic 
tanks and has considerable value as a fertilizer when dried. 

Digestion of Sludge. The resulting sludge from the activated-sludge 
process of sewage disposal is nearly free from odor, relatively free of 
pathogenic bacteria, and, as mentioned above, can be dried and used for 
fertilizer. Drying, particularly in wet climates, may present economic 
problems. Sludge from septic tanks has much less value as a fertilizer 
and ean be disposed of much more readily by continued digestion. For 
this purpose it is run into a sludge-digestion chamber, preferably held 
at an elevated temperature (37° or even 55°C), in which a considerable 
portion of the material is digested on standing for a period of time. This 
digestion is an anaerobic process, and considerable quantities of sewer 
gas (methane) are produced by the action of cellulose-splitting bacteria 
and similar species. The methane is frequently collected and in some 
plants is used for heating purposes and even for running the pumping 
engines. A considerable portion of the sludge undergoes decomposition 
in the digestion chamber, and the remaining material can be dried and 
burned or otherwise disposed of. It has little food value for plants but 
may have some value as a soil conditioner, particularly as an aid in the 
retention of moisture in sandy soils. 

Filtration. In many installations the effluent from septic tanks flows 
directly into a stream or other body of water. When preliminary diges- 
tion of the sewage occurs to a sufficient extent, the effluent is generally 
free of pathogenic bacteria. In many cases, however, it is deemed ad- 
visable to chlorinate the treated sewage as a precautionary measure. If 
the organic content is low, no appreciable difficulty is encountered in the 
final oxidation of this material in streams, lakes, or oceans if dilution is 
sufficient to provide a low BOD. This is not always possible, and the 
effluent can be further purified by filtration before it finally flows from 
the sewage-disposal plant. Two types of filters are in common use, con- 
tinuous trickling filters or intermittent ones. In either type the aim is 
to reduce the organic content of the effluent from the septic tank as rap- 
idly and completely as possible. This is accomplished by aerobic oxida- 
tion, organic matter being converted to sxarbon dioxide and water, am- 
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monia to nitrates, reduced sulfur compounds to sulfates, etc. Filtration 
can be employed directly with sewage, or after preliminary clarifica- 
tion, if the organic content is low. These filters frequently are termed 
“biofilters,” since the activities of microorganisms are more important 
in their operation than is mechanical separation or filtration. 

The filter beds are generally composed of coke, stones, or broken bricks 
in order to present a large surface for the growth of microorganisms. 
Sand is not used to a great extent as it tends to clog too rapidly. A 
gelatinous film forms on the filter particles; this film contains enormous 
numbers of microorganisms, and it adsorbs much of the organic matter 
in solution in the water being filtered. This material is then oxidized 
by microbie action. Continuous trickling or sprinkling filters consist of 
a series of overhead sprinklers through which the preliminary treated 
sewage is sprayed through the air onto the filter bed. In this step the 
liquid is saturated with air, and since it trickles through the filter bed, 
aerobic conditions are maintained. Under ideal conditions the trickling 
filters could be employed continuously, but in practice it is found that 
best results are obtained when the filters are periodically rested and 
cleaned. 

The beds of intermittent filters are filled with treated sewage effluent, 
allowed to stand full for a time, drained, and then allowed to stand 
empty for another period. Organic matter is adsorbed by the gelatinous 
film during the holding period, and when the filter is drained, air per- 
meates throughout the bed, and the adsorbed material is oxidized. In 
the trickling filter, oxidation is a continuous process, while it is a cyclic 
one in the intermittent filter. Both methods have certain practical ad- 
vantages and disadvantages. The discharge from properly constructed 
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Pia. 16-6. Schematic illustration of a cross section of a circular trickling filter 
A is the treated sewage inlet, B the revolving sprinkler arm, and C the drain for 
the effluent. 
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filters efficiently operated is of a high quality and with little additional 
treatment other than chlorination might reenter the water supply of the 
community from which the sewage was obtained. Such reuse of water 
may become necessary in large communities in semiarid regions, and the 
possibility of salvaging water by this means well illustrates what can 
be done if proper advantage is taken of the metabolic activities of bac- 
teria and allied forms. Actually it is being done all the time in populous 
areas, except that one city uses the highly diluted sewage of another 
city rather than its own as a source of water. The cycles of the ele- 
ments operate to our advantage not only in soil but also in water and 
water-borne wastes. 

Garbage Disposal. In some communities garbage is collected and fed 
to hogs; often it is used to fill in low areas and is covered by a layer of 
dirt. Methods have been proposed for the disposal of garbage by micro- 
bial oxidation of the less stable material in it, the remainder being dried 
and used as a fertilizer base. Economic factors generally control the 
choice of methods to be employed in the disposal of such wastes. Micro- 
bial disposal of garbage is similar in principle to sewage disposal, with 
the exception that the material is in concentrated form rather than in 
dilute solution and suspensions characteristic of sewage. 
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CHAPTER 17 


BACTERIA IN THE AIR 


Air, being primarily a mixture of gases, does not provide a suitable 
medium for the growth of microorganisms. It does, however, serve as 
a vehicle for the transport of these organisms from one place to another. 
Almost any sample contains viable microorganisms and inert matter, 
such as dust particles and pollen grains, in suspension in the air. 

Microorganisms gain entrance into the air from a variety of sources, 
the principal one being dust containing vegetative cells and their spores. 
The organisms from this source are for the greatest part saprophytes 
and are therefore of little or no potential danger to man. They can, 
however, gain entrance to food or drink and cause spoilage. They are 
also a nuisance in industrial processes such as refining of sugar and can 
cause serious damage in the course of production of antibiotics and bio- 
logicals. Another and more dangerous source of bacteria in the air, par- 
ticularly under crowded conditions 
of life, is the upper respiratory tract 
of man and animals. When an indi- 
vidual coughs or sneezes, an enor- 
mous number of tiny droplets are 
expelled into the air (see Fig. 17-1), 
and numerous organisms are fre- 
quently present in or on these drop- 
lets. Normally the bacteria present 
in the droplets are commensals ordi- 
narily associated with the upper re- 
spiratory mucosa and other tissues 
of the nose and mouth. This flora 


Fic. 17-1. A violent, unstifled sneeze, can be replaced to a considerable 
not quite completed; photographed 
with the aid of an intense light flash of ’ 
short duration (1/30,000 sec.). (Cour- Yruses during the course of infections 


tesy of M. W. Jennison.) of the respiratory tract, and these 

infectious agents can be forcibly ex- 

pelled in the same manner as the more harmless parasites. These patho- 

genic forms may remain suspended for some time in the air and be 
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conveyed by means of air currents. Plant pathogens also are frequently 
transmitted from diseased to healthy plants by means of air currents. 

Both the predominant species and the numbers of microorganisms in 
the air vary somewhat with the locality and with prevalent environ- 
mental conditions. Pasteur, in his studies on spontaneous generation, 
demonstrated the presence of large numbers of bacteria in the air over 
dusty environments and their relative absence at high altitudes over 
snow-covered mountains. The numbers present in the air tend to in- 
crease during a period of dry weather accompanied by winds, this increase 
being most pronounced in areas over well-cultivated fields where the soil 
is finely pulverized and the crops cover only a portion of the ground. 
Under these conditions the aerobic, sporeforming bacteria tend to pre- 
dominate, sarcinae and micrococei also being present in relatively high 
numbers. Molds and yeasts, and particularly their spores, are usually 
present in considerable numbers, the yeast content of air being greatest 
around orchard and vineyard country. Rain mechanically removes 
many organisms and other particles from the air and tends to hold the 
bacteria in the soil. The population of the air over large bodies of water 
<hifts from characteristic land forms to microorganisms usually asso- 
ciated with an aqueous environment, these latter forms gaining entrance 
to the air in droplets of spray from the surface of the body of water. 
The predominant species and the numbers of microorganisms also vary 
with the altitude above a given area, the actual numbers decreasing with 
increasing height at which samples are taken. The predominant species 
at high altitudes tend to be the smaller varieties of bacteria and spores. 
They have been shown to be present at heights of 20,000 ft., and pos- 
sibly an occasional one may gain an altitude of many more thousand 
feet. The germicidal activity of ultraviolet light is high at high altitudes 
in the clean air prevalent there, and microorganisms have little chance 
of survival. 

Methods for Enumeration of Bacteria in Air. When solid nutrient 
media are exposed to the air, bacteria and other microorganisms will fall 
on the surface and on incubation will give rise to the development of 
characteristic colonies. A count of the number of colonies on a plate 
gives a relative idea of the numbers of viable bacteria and other forms 
present in the air, but it is of no value for the quantitative determination 
of the actual numbers present in a given volume. The result obtained 
when a nutrient agar plate was exposed for 10 min. to the air in a class- 
room is shown in Fig. 17-2. The use of a variety of media is of value 
in determining the relative numbers of yeasts, molds, and bacteria. 

Three general methods are employed at the present time for quantita- 
tive studies on the density of population of air. In one method, a known 
volume of air is passed through a medium which will retain the bacteria. 
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Fic. 17-2. Photograph of colonies developing on nutrient agar after exposure for 10 
min. to the air in a classroom. 


The number of bacteria retained by the medium, generally sand, salt 
solution, or broth, can then be determined by standard plating and 
counting procedures. In the second method, the air passes over the sur- 
face of nutrient agar, on which the organisms are collected. The colonies 
which develop on incubation indicate the population density. In one 
modification of this method the organisms are separated from the air 
and deposited on the agar by centrifugal force; in another modification 
the bacteria in a slow stream of air are allowed to settle by gravity onto 
the surface of agar in a petri dish. Filtration of air through a membrane 
filter (described in Chap. 16, p. 266) and counts of the colonies which 
develop constitute a third procedure. All methods and their various 
modifications have their merits and their disadvantages. The numbers 
of bacteria per liter of air have been found to range between zero and 
many thousands. For most purposes the types of bacteria present are 
of more significance than the total count. 

The State of Suspension. The majority of microorganisms in the air 
are seldom present in the free state, generally being associated with sus- 
pended particles or droplets. Bacteria-laden dust particles tend to settle 
out rapidly from quiet air, but they may remain suspended for long 
periods of time and be transported over wide distances when the air is 
In motion. Microorganisms suspended as such also tend to settle out 
of suspension, since they are heavier than air. Since the dust-borne, air- 
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carried microorganisms are ordinarily saprophytic forms, their presence 
in air is more of a nuisance than a danger. Forms pathogenic to man 
are, however, sometimes transported by air-borne dust which has been 
contaminated with excreta, tuberculous sputum, or other discharges of 
infected individuals. 

Droplet contamination of the air is of much greater sanitary signifi- 
cance than contamination with dust. Pathogenic forms expelled during 
coughing, sneezing, singing, or even talking can and frequently do remain 
suspended in the air over long periods of time. Large droplets tend to 
settle rapidly, but evaporation of water does occur from them, and their 
size decreases with consequent increased tendency for the residues (drop- 
let nuclei) to remain in suspension in air. These residues are carried 
in air currents in rooms and other enclosed places and serve as a means 
of transmittal of agents of respiratory infections. 

Instances of the spread of infectious agents in the laboratory have in 
recent years been traced to the use of pipettes and to other procedures 
formerly believed to be safe. High-speed photographic methods enabled 
Johansson and Ferris to demonstrate that minute droplets are formed 
when the last drop is blown out of the tip of a pipette (Fig. 17-3). Some 
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of these droplets can gain entrance to the air of the laboratory and from 
the air to man or other animals. Minute droplets are also produced 
when dilution blanks are vigorously shaken and can escape from the test 
tube when the stopper is removed. They may also form in such a simple 
procedure as pouring from one container to another. These observations 
indicate that even stricter precautions than were in previous use must 
be observed when working with pathogenic species. 

Control of Air-borne Microorganisms. ‘The most important method 
for the control of air-borne infectious or otherwise undesirable micro- 
organisms is prevention. Any measure which ean reduce the possibility 
for dust to become air-borne or cause it to settle more rapidly will reduce 
the chances for the dissemination of microbes, spores, or viruses on dust 
particles. The vacuum cleaner, for example, is of value around the 
home in so far as it removes contaminated dust from the floor. Its effec- 
tiveness is limited by the relatively poor filter action of the collection 
bag, which may allow some bacteria to pass through with the air expelled 
from it. The isolation of all individuals having respiratory infections 
and the use of the handkerchief during coughing or sneezing spells will 
reduce the incidence of dissemination of the pathogenic forms. 

The preventive methods suggested above cannot always be realized, 
and methods for the destruction of air-borne pathogens are in use, par- 
ticularly in public places of assemblage and in hospitals or their sur- 
geries. Filtration of air is one important physical method for the re- 
moval of matter in suspension in air. Various filter materials, such as 
wire screens, cheesecloth, and glass wool, are in common use, adhesives 
at times being added to increase their retentiveness. Actually the cotton 
plug so widely used in the bacteriological laboratory is a filter. The 
effectiveness of any air filter depends upon its design, the care which it 
receives, and the rate of flow of air through the filter. Filters, under 
normal conditions of use, will not remove all suspended microorganisms, 
but they do greatly reduce the numbers suspended in circulating air. 

It was mentioned in Chap. 13 that ultraviolet light is emplayed as a 
physical agent capable of destroying bacteria suspended in the air. The 
results of ultraviolet-light treatment of air are not very encouraging for 
common use since many factors influence its action. Some organisms are 
much more susceptible to its germicidal action than others. The degree 
of humidity of the air alters the time required for disinfection. A minute 
film of dust on the light source is sufficient to reduce the output of germi- 
cidal rays, and dust and other particles in the air will absorb the light. 
Theoretically it appears to be a very good agent for the disinfection of 
air, but the factors influencing its use under ordinary conditions are diffi- 


cult to control. Opinion concerning its efficacy as a practical control 
measure is still in a state of flux. 
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Chemical agents have long been employed for the disinfection of air. 
Fumigation with agents such as formaldehyde has long been practiced 
for the disinfection of the air and objects in a closed room. It is effective 
if properly controlled, but formaldehyde and similar agents, because of 
their irritating or toxic properties, cannot be employed directly in the 
air which we breathe. In air of relatively high humidity, hypochlorites 
or hypochlorous acid in concentrations of 1 part in from 1 to 10 million 
parts of air have been found to be rather effective bactericidal and 
viricidal agents. Their activity rapidly decreases when the relative hu- 
midity falls below 50 per cent. These agents must be employed in the 
form of mists (aerosols) or vapors to be effective over a long period of 
time. Propylene glycol and related glycols have also been found to be 
active against bacteria and viruses when the chemicals are sprayed as 
aerosols into the air. One gram of the vaporized material in 2,000 to 
4.000 liters of air of 45 to 70 per cent relative humidity and at tempera- 
tures below 30°C. is apparently effective and at the same time has little 
or no toxic activity against man. The action of the glycols has been 
explained on the basis of their water-absorbing properties. Glycol mole- 
cules are deposited or condense on bacteria suspended in the air, and as 
their concentration increases, they exert marked dehydrating action on 
the bacteria, eventually destroying them. It should be noted that these 
agents are not particularly bactericidal or viricidal in aqueous solutions, 
their activity being dependent to a great extent upon a combination of 
physical factors. 
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CHAPTER 18 


THE PREPARATION AND PRESERVATION OF FOOD 


Man and microbes can use the same foodstuffs in their diets, and a 
continuous competition for this food exists between man or other animals 
and the various microorganisms, in particular the yeasts, molds, and bac- 
teria. All foods, except those recently cooked or sterilized, generally 
contain or are externally contaminated with microorganisms. Most of 
these are saprophytic forms which so profoundly alter the food as to 
make it undesirable for consumption, either aesthetically or nutritionally. 
A limited number of species when properly controlled can bring about 
desirable changes, while an even smaller number engender end products 
of metabolism which are toxic to man and other animals. In order to 
maintain food supplies sufficient to feed the enormous human popula- 
tion, man has been forced to devise methods for the prevention of food 
spoilage and to improve to some extent upon methods employed since 
early days for the production of desirable microbe-induced changes in 
certain foods. It may well prove true that in the not too distant future, 
microorganisms themselves will become part of the diet of man. 

Whether or not spoilage occurs, and the type involved, depends upon 
the moisture content and the nature of the food, the temperature, and 
the nature of the organisms present. Yeasts and molds will grow in or 
on foods having a moisture content as low as 10 to 15 per cent, while 
bacteria generally require at least 20 to 25 per cent water and generally 
more than this amount. There are exceptions to such general statements, 
but it is common experience that relatively dry materials such as hay, 
grain, thick-rinded fruit, and relatively inert matter such as paper or 
leather are subject to attack by the higher fungi, particularly in a humid 
environment. The higher fungi may also break down cellulose walls and 
pave the way for invasion by bacteria into the interior of the material, 
where the water content is higher. 

The nature of the food is of considerable importance as a determining 
factor for the microbie flora which will develop in a foodstuff, assuming 
that yeasts, molds, and bacteria are all present. Yeasts and molds grow 
most readily in acidic foods of relatively high carbohydrate content, sugar 
in particular being conducive to the growth of yeasts. The molds are 
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aerobic organisms and tend to grow on the surface, while the faculta- 
tively anaerobic yeasts can grow throughout the material. An acidic 
environment is usually inimical to the growth of bacteria, and acidic 
foods, e.g., most fruits, which also are rich in carbohydrates, are most 
subject to spoilage by yeasts and molds. The proteolytic bacteria pre- 
dominate in the spoilage of foods, such as meat, which are richer in pro- 
tein content and more neutral in reaction. The predominating types of 
organisms and the particular species involved may vary during the course 
of the decomposition (see Influence of Medium on Bacterial Flora, Chap. 
11). The temperature at which the material is held also exerts a pro- 
found influence (see Chap. 12). 


MILK 


Milk may be regarded as a “Dr. Jekyll-Mr. Hyde” type of food. 
Milk is the most nearly complete food for the majority of animals, par- 
ticularly during their infancy, but it is also an excellent pabulum for 
many species of bacteria, including a number of species pathogenic for 
man. It has been estimated that before the advent of pasteurization 
and sanitary methods for handling milk, approximately 50 per cent of 
infants raised on cow’s milk died before the age of one from infectious 
diseases, the causative agents of which were transmitted by polluted 
milk. Milk is also an exceedingly complex mixture with a rather un- 
stable, sensitive physicochemical structure. Careful handling is neces- 
sary to preserve that structure and the nutritive values dependent upon 
it. Even bringing milk to a boil may diminish its food value, and milk 
is therefore pasteurized at a time and temperature which will destroy all 
pathogenic bacteria apt to be present in milk with the least possible 
change in its characteristics. This must be done on a large scale in 
creameries, and efficient methods have had to be developed for handling 
the annual production of more than 15 billion gal. in this country alone. 

Milk contains proteins, casein, globulin, and lactalbumin; carbohy- 
drates, principally lactose; fat; different vitamins; salts; and traces of 
other materials dissolved or in colloidal suspension in water. Milk is 
nearly neutral in reaction and is a highly suitable medium for the 
growth of bacteria but is less favorable for yeasts and molds, the latter 
organisms frequently developing following the growth of acid-producing 
bacteria. 

Metabolic Changes in Milk 

Five main types of metabolic activities of bacteria in milk can be 
readily recognized with the aid of an indicator system such as litmus 
or methylene blue plus chlorophenol red. These indicators indicate 
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changes in both pH and oxidation-reduction potential. The five types 
of reaction observed arise from the following groups of bacteria. 


1. Bacteria which ferment lactose and form acids to such an extent (pH 46) that the 
casein is coagulated (curd formation). The liquid (whey) is generally expressed 
during curdling and is watery in appearance. 

2 Bacteria which ferment lactose but with less acid production than in 1. No curd 
or a very soft curd is formed. 

3. Bacteria which produce little or no visible change in the milk. 

4. Bacteria which utilize either naturally occurring or fermentation acids, forming 
carbonates with calcium salts and increasing the pH. 

5. Bacteria which attack the casein of milk, breaking it down (peptonization) to such 
an extent that the milk becomes watery in appearance and at the same time pro- 
ducing obnoxious odors or flavors in the milk. 


The five types of metabolic changes are found in-milk in varying degree. 
The preponderance of a particular group of bacteria and the tempera- 
ture of storage usually determine the manner in which the milk will spoil. 
In addition to the changes listed above, some species of bacteria produce 
both acid and gas, and some species develop a reducing intensity suffi- 
cient to reduce the oxidation-reduction indicator (litmus or methylene 
blue) to its colorless form (leuco base). These reactions are frequently 
of value in the identification of pure species of bacteria inoculated in 
sterile milk. Certain of these changes are also employed in the prepa- 
ration of various milk products, fermented milk, cheese, and butter. 


Fermented Milk 


Milk is an important article of the diet for many pastoral people, but 
because of the rapidity with which it spoils, the milk is usually fermented 
before it is consumed. In the fermented condition it can be kept for a 
longer period of time. Fermented milk is considered a delicacy by some 
peoples, and its consumption is also widespread because of supposed 
therapeutic value. Metchnikoff concluded that longevity in Bulgaria 
was due to the consumption of large quantities of milk soured by the 
action of Lactobacillus bulgaricus. This organism, introduced in sour 
milk, was supposed to develop in large numbers in the intestinal tract 
and to prevent the growth of proteolytic bacteria because of the large 
quantity of lactic acid produced. This decreased proteolytic activity 
of bacteria led to a decrease in so-called autointoxication due to the 
absorption of putrefactive wastes by the individual and hence greater 
chance of survival. L. bulgaricus does not become established readily 
in the digestive tract of man, and there is little evidence that its estab- 
lishment would actually be conducive to long life. A related organism, 
L. acidophilus, is a common inhabitant of the intestinal tract but is nor- 
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mally outgrown by Escherichia coli and other species more suited for 
growth in either a saccharine or proteinaceous environment. 

Many fermented milk products involve the action of more than one 
type of organism. Various products such as yoghurt, matzoon, leban, 
kumiss, or kefir result from the action of lactic acid bacteria (either rods 
or cocci or both) followed by alcoholic fermentation induced by yeasts. 


Cheese 


There are some 20 types of cheese and over 400 varieties prepared from 
the milk of different animals and under different conditions to elicit the 
characteristics desired in the final product. The term cheese denotes a 
product made from the curd obtained on coagulation of the casein of 
whole milk, skimmed milk, or milk enriched with cream. Curd forma- 
tion is induced either by the action of lactic acid bacteria or by the 
enzyme system rennet (commonly obtained from calves’ stomachs), or 
by a combination of the two. The curd so formed is then modified by 
special treatments to produce the desired cheese. Cheese consists mainly 
of the partial decomposition products of casein together with fat, salts, 
sugar, and other constituents of milk. 

Cottage cheese, which is actually more a form of sour mik than of 
cheese, is an example of the acid-type-curd variety of cheese. It is made 
commercially from pasteurized milk inoculated with a pure culture of 
Streptococcus lactis. This bacterium develops quite rapidly in the milk, 
lactose being fermented with the production of sufficient lactic acid to 
induce curdling. At the same time other enzymes of the bacteria, and 
to a slight extent of the milk itself, elicit changes in the milk which im- 
part the characteristic flavor to the curd. The curd is separated from 
the whey, excess water drained off, and the cheese so obtained is salted, 
often mixed with some cream, and is then ready for use. Cottage cheese 
is not ripened by continued microbie action such as is involved in the 
preparation of most cheeses. 

Most types of cheese are produced from the curd obtained when milk 
is coagulated with rennet, generally after growth of lactic acid bacteria 
has occurred to an extent sufficient to develop the desired acidity. The 
rennet-curd cheeses can be divided into two main groups, soft cheese and 
hard cheese. A hard cheese results when the curd is separated from the 
whey by the application of pressure sufficient to remove most of the free 
water. This gives a hard, tough curd which requires considerable time 
to ripen and which does not soften to an appreciable extent during the 
ripening process. Soft cheeses, on the other hand, are prepared from a 
curd obtained by allowing the whey to drain from the curd without the 
application of pressure. Ripening occurs in the presence of considerable 
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moisture, and a much softer product is produced. Cheddar, Cheshire, 
Edam, and Swiss cheeses are typical examples of hard cheese while the 
soft cheeses are represented by types such as Roquefort, Camembert, and 
Limburger. 5 
A Cheddar type of cheese is the one produced to the greatest extent 1n 
the United States. Cultures of lactic acid bacteria are added to pasteur- 
ized milk, and rennet is added after the milk has “ripened” sufficiently 
to develop a slight acidity. The curdling enzyme, rennin, in rennet rap- 
idly converts the milk into a firm, jelly-like mass, which is cut with spe- 
cial knives into small, uniform pieces. The cut curd is heated slowly, 
the temperature being quite high for Swiss cheese but less so for Cheddar, 
and this causes the curd particles to contract. This curd is salted and 
placed in molds lined with cheesecloth through which the whey can drain. 
In a few days the curd particles are matted together, and the mold can 
be removed. During this time Streptococcus lactis predominates, but as 
the lactose diminishes, other lactic acid bacteria become more prominent. 
They continue to act within the cheese during the ripening period, which 
may require from several months to two years. The growth of molds is 
prevented within the cheese by the anaerobic conditions which develop 
and on the surface by a layer of paraffin or other material. During the 
ripening process the casein is broken down by the action of bacterial 
enzymes and also by the pepsin which was present in the rennet. The 
casein is converted into soluble compounds with a resultant increase in 
soluble nitrogen content of the cheese, and the digestibility of the mate- 
rial is greatly increased at the same time. Flavor and aroma produced 
during ripening are probably due to fatty acids, alcohols, esters, and 
neutral volatile products produced by the action of bacteria, or their 
enzymes, acting upon various constituents of the cheese. Undesirable 
changes could be induced by coliform bacteria, but the majority of thesr 
are killed during the pasteurization of the milk, and any survivors 
are generally checked by the lactic acid in the cheese. At times other 
bacteria capable of utilizing lactate may be present and cause undesir- 
able changes. Intact Cheddar cheeses keep well over a period of time 
but are subject to spoilage by molds once the cheese is cut. Processed 
Cheddar cheese, i.e., cheese that is pasteurized after curing and blending, 
has even better keeping qualities but loses somewhat in flavor and aroma. 
Swiss cheese is produced under conditions somewhat different from 
those in the production of the Cheddar type. Milk, as fresh as possible, 
is inoculated with rennet which has been previously incubated in whey 
cultures of lactic acid bacteria. Curd formation occurs in the presence 
of relatively large numbers of bacteria but not under particularly acidic 
conditions. The curd is cut into very small pieces and is heated at a 
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higher temperature than with Cheddar curds in order to produce an even 
drier cheese. The curd is then pressed and salted on the outside only. 
Heating kills some of the acid producers, and a bacterial flora rather dif- 
ferent from that in Cheddar cheese develops. Lactobacilli may predomi- 
nate at first, but large numbers of propionic acid bacteria such as Pro- 
pionibacterium freudenreichu and P. shermani develop during the ripen- 
ing process. The latter species can ferment either lactose or lactic acid 
while the former ferments lactic acid only, both with the formation of 
acetic and propionic acids and carbon dioxide. The production of this 
gas is responsible for the development of the characteristic holes, or eyes, 
in Swiss cheese. 

Soft cheeses like Limburger and Camembert are made from rennet 
curds, but they contain more water and less salt than the hard cheeses. 
They are molded into much smaller units than the hard cheeses in order 
to promote diffusion, since the soft ones are ripened primarily by enzymes 
which diffuse into the cheese from microorganisms growing on the sur- 
face. Cheese of the Limburger type is produced by keeping the surface 
of the cheese moist to stimulate the growth of bacteria. Proteolytic 
enzymes are produced, diffuse into the cheese, and gradually digest the 
casein. Proteolytic digestion, actually putrefaction, is allowed to pro- 
ceed to a greater extent than in other types of cheeses. 

The Camembert type is produced like Limburger cheese except that 
the milk is inoculated with spores of Penicilliwm camemberti, and the sur- 
face of the cheese is kept dry to promote growth of this mold and of the 
yeast Oidiwm lactis. These two organisms are responsible for the main 
characteristics of this type of cheese. 

Roquefort-type cheese has characteristics of both hard and soft cheeses. 
It is primarily a soft cheese, but the curd is ripened by the action of 
Penicillium roqueforti growing through the cheese. Aerobic conditions 
are obtained by piercing the cheese in many places with needles, the 
mold growing in these air channels and its enzymes utilizing both casein 
and fat to give the characteristic flavor of Roquefort cheese. The greenish 
mottled appearance of the cheese is due to the large numbers of P. roque- 
forti spores in the cheese. 

It is apparent that cheese production is dependent upon the activity 
of a variety of microorganisms, conditions being selected which are most 
suitable for the growth of the desired types and the production of a par- 
ticular cheese. In many instances the predominant species, and the con- 
ditions under which it develops, are sufficient to inhibit the growth of 
other species which would produce undesirable changes. Pasteurization 
of milk and the use of pure cultures, together with modern sanitary pro- 
cedures, have greatly reduced spoilage and also transmission of patho- 
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genic species in cheese. Pathogens do not find suitable conditions for 
growth in cheese, and it is not so important a vehicle as milk and butter 
for the transmission of pathogenic forms which gain entrance to it. 


» : 
Bacteria in Milk 


Milk as secreted by the healthy cow is sterile, but bacteria gain entrance 
through the teats into the udder, and milk drawn even under the most 
favorable conditions always contains bacteria. It may contain very few, 
or the number may run into the thousands per milliliter. These bacteria 
are generally cocci and are not pathogenic species. The numbers of bac- 
teria in milk from diseased cattle may be much greater, and certain bac- 
teria pathogenic for cattle may also be pathogenic for man. The most 
important bacteria pathogenic for both man and cattle are the strepto- 
cocci causing septic sore throat, the tubercle bacillus, and the Brucella of 
undulant fever. 

More microorganisms are introduced during the milking procedure, 
gaining entrance from the exterior surfaces of the cow, from the surround- 
ings, and from the milker. Cleanliness greatly reduces the numbers gain- 
ing entrance from these external sources. Simple washing and wiping of 
the udder and of the hands of the milker can reduce the bacterial count 
to a tenth or less of that observed when this simple procedure is omitted. 
Cleanliness in the dairy barn is highly important, but cleanliness of the 
milking utensils, strainers, separators, and storage vessels is equally im- 
portant. Mere washing of containers is not enough, since bacteria are 
held in tiny cracks and crevices, and the utensils should, therefore, be 
sterilized. Such a procedure when routinely employed can reduce the 
bacterial count as much as 75 per cent. Since bacteria are normally 
present in milk and since it is impossible to prevent the entrance of a 
few during milking and handling, it is essential to cool the milk as soon 
as possible and to keep it cold. Storage at a low temperature will in- 
hibit the growth of all species commonly present in milk. Pasteurization 
will reduce the viable count by 95 to 99 per cent, and this product in 
sterile containers will remain fresh for a considerable length of time 
under refrigeration. The consumer, however, must be as careful in 


handling the milk as was the producer and distributor of a good grade 
of milk. 


Grading of Milk 


Milk is graded primarily on the basis of the bacterial count. The total 
bacterial count is determined by counting the organisms in stained smears 
of a definite volume of milk spread over a known area of a microscope 
slide and the viable count by the plate method, suitable dilutions being 
plated out. Another method, the reductase test, serves as a rapid and 
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easy method of determining the approximate numbers of bacteria in 
samples of milk. Bacteria in milk reduce methylene blue to the color- 
less leuco base under anaerobic conditions, the methylene blue acting as 
a hydrogen acceptor. The time required for reduction is approximately 
inversely proportional to the numbers of bacteria present; the greater 
the number, the less the time required for decolorization. The test is 
reported in terms of the time required for decolorization of 1 ml. of 
1:20,000 methylene blue by 10 ml. of milk at 37°C., and is interpreted 
as follows: 


Class 1. Excellent milk, not decolorized in 8 hr. 

Class 2. Good milk, decolorized in less than 8 but not less than 6 hr. 
Class 3. Fair milk, decolorized in less than 6 but not less than 2 hr. 
Class 4. Poor milk, decolorized in less than 2 hr. 


In a similar reductase test the dye resazurin is substituted for methylene 
blue, the advantages being that resazurin is reduced more rapidly than 
methylene blue. The test is particularly valuable in detecting mastitis, 
an infection of the udder. No reduction of the dye in 1 hr. indicates an 
excellent milk as regards bacterial content, complete reduction within an 
hour a very poor quality, and intermediate degrees of reduction indicate 
intermediate qualities. Specific counts for coliform bacteria have also 
been suggested, but their value is still debatable. 

Standards for milk vary somewhat in different localities, but in many 
states or municipalities they are based on those established by the US. 
Public Health Service Milk Ordinance (1939). The highest grade of milk 
is certified milk, a product closely safeguarded at every step during its 
production, collection, and distribution according to rules established by 
medical milk commissions. Certified milk is collected in sterilized con- 
tainers and under clean conditions in the dairy from cattle which are 
frequently examined for tuberculosis and other diseases. The milkers 
are also subject to frequent health examinations. Milk collected under 
less carefully controlled conditions is graded as A, B, or C. The sug- 
gested standards for milk can be summarized as follows: 

Raw Milk. Certified. This must conform to standards set up by the 
American Association of Medical Milk Commissions, the usual standard 
being a count not in excess of 10,000 bacteria per milliliter. All milk 
having a count in excess of this number is placed in one of the following 
grades: 

Grade A. The average bacterial plate count must not exceed 50,000 
per milliliter, or the direct microscopic count must not exceed 50,000 per 
milliliter if clumps are counted or 200,000 if individual bacteria are 
counted, or the average reduction time of methylene blue must not be 
less than 8 hr. If Grade A milk is to be pasteurized (which should be 
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done), the permissible counts before pasteurization are 200,000, 200,000, 
and 800,000 per milliliter, respectively, and a decolorization time of not 
less than 6 hr. 

Grade B. Raw milk is classified as Grade B if it has a higher bacterial 
count than that permissible for Grade A (or from cattle that are not 
known to be free from contagious abortion) but not exceeding 1,000,000 
per milliliter in the plate or total clump counts or 4,000,000 individual 
cells per milliliter. The average reduction time should exceed 3.5 hr. 

Grade C. Raw milk which violates any of the standards for Grade B 
raw milk is classified as Grade C. 

Pasteurized Milk. Certified Milk, Pasteurized. This is certified raw 
milk which has been pasteurized under conditions desirable for the pas- 
teurization of Grade A milk. (Certified milk need not be pasteurized, 
but it is a worth-while safeguard.) 

Grade A, Pasteurized. This is Grade A raw milk pasteurized, cooled, 
and bottled in the milk plant. Plate count must not exceed 30,000 per 
milliliter after pasteurization and before delivery. 

Grade B, Pasteurized. This is pasteurized milk from raw milk of Grade 
B quality. Bacterial plate count after pasteurization and before delivery 
must not be in excess of 50,000 per milliliter. 

Grade C, Pasteurized. This is pasteurized milk of less than Grade B 
quality. 

A high bacterial count in milk does not mean that the milk is unsafe, 
1.e., carries bacteria pathogenic for man, since all the organisms could be 
saprophytic species. Infections have been traced to milk having a very 
low bacterial content. All that the count indicates is that the milk has 
come from diseased cattle, has been collected or handled under unclean 
conditions, or that the milk has stood for some time in a warm place. The 
first two conditions indicate a possibility for the entrance of pathogenic 
forms, the latter condition greater chance for their growth if present. 


Ecology of Milk 


Freshly drawn milk contains a substance or substances capable of 
exerting a bactericidal effect against coliform and possibly other species 
of bacteria. This bactericidal action varies with milk from different cows, 
with the bacteria present in the milk, and the temperature of incubation. 
It is destroyed by heating the milk at 53°C. for 30 min. The length of 
the bactericidal phase varies, and there is no adequate explanation of its 
existence and why bacteria do develop after a time, unless the material 
is extremely labile. One suggestion is that it is a protective substance 
for the suckling calf. 

It is common experience that raw milk standing in a relatively cool 
place tends to sour. Normally milk is delivered in a tall bottle with 
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little surface exposed to the air, thus reducing the ease with which oxygen 
ean penetrate into the milk. This diffusion of oxygen is further hindered 
by the layer of cream, which rises to the surface and forms an oil seal. 
Bacteria in the milk soon utilize the dissolved oxygen, and anaerobic con- 
ditions develop, thus favoring the growth of lactose-fermenting organisms. 
Coliform bacteria tend to predominate if the milk is stored in a warm 
place, while lactic acid bacteria generally gain the ascendancy when the 
milk is kept cool. Streptococcus lactis apparently is best adapted for 
growth in milk, as it generally grows more rapidly and to a greater extent 
than any of the other lactic acid bacteria in milk. It can develop over 
a relatively wide temperature range and at acidities as low as pH 4. It 
is a saprophyte not present in milk in the udder, but it almost invariably 
gets into milk during the milking process, apparently from plant material, 
dust, and from the exterior surfaces and possibly feces of the cow. After 
milk has undergone preliminary souring by S. lactis, various species of 
lactobacilli may continue to develop as they tolerate somewhat greater 
acidities than S. lactis. Milk soured by the combined activities of the 
lactic acid streptococci and bacilli is no longer a suitable medium for the 
growth of most bacterial species, but yeasts and molds can develop on 
the lactic acid or the proteinaceous material in the sour milk, particularly 
if there is access to oxygen. 

The smaller the initial count and the lower the temperature, the greater 
the time required for the milk to sour or to undergo “abnormal” fermenta- 
tion (changes other than the “normal” type of milk fermentation). The 
abnormal fermentations include such changes as color production by 
chromogenic bacteria; sweet curdling by species which secrete rennin-like 
enzymes; ropiness, caused by capsulated bacteria which form prominent 
capsules or large amounts of gummy material; gaseous fermentation by 
coliform bacteria or by yeasts; and proteolytic fermentations. In some 
instances one species or a group of closely related species will gain and 
maintain ascendancy; in other instances there will be shifts with time 
(actually with changes in the environment) in the predominant species. 
In general, however, the bacterial flora of samples of the same milk stored 
at different temperatures will be as follows: 


0 to 10°C. Psychrophilic fluorescent bacteria develop slowly but may produce an 
enormous population in time. Either saccharolytic or proteolytic species of Pseudo- 
monas tend to predominate, at times causing discoloration. Lipolytic action may be 
evident in some instances. 

10 to 20°C. Psychrophilic fluorescent bacteria as above together with different 
species of Micrococcus and Alcaligenes, the latter tending to cause ropiness. Strepto- 
coccus lactis frequently is the early predominant species at the upper part of this 
temperature range. 

20 to 40°C. Streptococcus lactis and other lactic acid streptococci at lower tem- 
peratures in this range, with lactic acid bacilli (Lactobacillus) developing more 
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readily at the higher temperatures. Proteus vulgaris may at times predominate and 
elicit peptonization, or coliform bacteria may bring about a gaseous fermentation. 
Actinomycetes may also develop and produce a musty odor and an obnoxious taste. 

40 to 60°C. Lactic acid bacilli in the lower part of this temperature range, varl- 
ous thermophilic species in the higher range. Some samples may show no growth 
of bacteria at 60° 

Pasteurization 

Sanitarians realize that milk, being an excellent culture medium for 
many pathogenic bacteria, is the most important foodstuff in the trans- 
mission to the consumer of infectious diseases such as tuberculosis, un- 
dulant fever, and streptococcal infections from the cow, and diphtheria, 
typhoid and paratyphoid fevers, and bacillary dysentery from milk han- 
dlers. Pasteurization, either the holding of milk at 62°C. (143°F.) for 
30 min. or “flash” heating with the milk being held at 71°C. (160°F.) for 
15 sec., is the most important factor in the provision of a safe milk supply. 
All common pathogenic species of bacteria will be killed during either 
holding or flash pasteurization, and if the milk is immediately cooled and 
bottled in sanitary containers, it will remain free of pathogens, the taste 
will not be altered appreciably, and the vitamin content will remain at 





Fig. 18-1. P rs Ts zi 
18-1. Photograph of a milk-pasteurizing machine equipped with an automatic 


temperature cont ‘ mMpers : . Y ; 
} control and temperature recorder (Corn tesy of the Che y-Burrel Co.) 
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Fig. 18-2. Cross section of the pasteurizer illustrated in Fig. 18-1, showing flow of hot 
water around the wall of the milk tank and the paddle to provide agitation of the 
milk to assist in the transfer of heat. (Courlesy of the Cherry-Burrel Co.) 


a level near that of the raw milk. Pasteurization is not a cure-all, how- 
ever. since it will not remove bad tastes or odors in dirty milk or from 
iilk in which large numbers of bacteria had developed before pasteuri- 
zation. It is simply a process for the destruction of pathogenic and other 
leat-labile species which might be present in the milk before pasteuriza- 
tion. without causing appreciable change in the quality of the milk from 
that which it possessed at the time of pasteurization. 

An enzymatic reaction, the phosphatase test, is available for rapid de- 
termination of the efficiency of pasteurization. The enzyme phosphatase 
is always present in raw milk, and this enzyme liberates phenol from its 
phosphoric ester, the phenol reacting with added 2,6-dibromoquinone- 
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chloroimide to develop a blue color. Phosphatase is heat-labile, and 96 
per cent is inactivated at 143°F. in 30 min., 100 per cent inactivation 
occurring in the same time at 145°F. If no color develops during the 
phosphatase test, it indicates that pasteurization has been sufficient to 





be wags. 
eee 
Fic. 18-3. Milk tank removed from the pasteurizing machine to show the flow of 


heating water around the tank during pasteurization. (Courtesy of the Cherry- 


Burrel Co.) 


destroy all pathogenic species and that raw milk has not been added to 
the pasteurized milk after pasteurization. Underheating by 1 degree or 
contamination with as little as 0.1 per cent raw milk can be detected by 
the phosphatase test, which serves as an efficient check on the honesty of 
the operator or the efficiency of his equipment. Direct microscope counts 
would have no value as a check on pasteurization, and plate counts, while 
of value as checks, require time for colony growth to become apparent, 
and during that time much of the milk could have been consumed. 
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Butter 


Butter is made from either sweet or sour cream and, when prepared 
from the latter, has a taste and aroma due to the action of several species 
of bacteria. Since pathogenic bacteria such as Mycobacterium tubercu- 
losis or Salmonella typhosa are present at times in milk, it is highly 
desirable to pasteurize the milk or cream before it is employed in the 
preparation of butter. Pasteurization also serves to kill other extraneous 
bacteria which might cause butter to spoil on standing. In the manufac- 
ture of sour-cream butter the pasteurized cream is inoculated with a 
butter starter, a mixture generally containing Streptococcus lactis, S. 
cremoris, Leuconostoc citrovorum, and L. dextranicum. The streptococci 
cause the cream to sour while the latter organisms produce primarily 
acetic acid, acetylmethylearbinol, and diacetyl, which are responsible to 
a great extent for the characteristic taste and aroma of sour-cream butter. 
After the cream has soured, it is then churned, and the butterfat which 
separates is washed, salted, and worked into the desired shape. The final 
product contains approximately 82 per cent fat, 14 per cent water, 2.5 per 
cent salt, and traces of casein, lactose, and other substances. The water 
with its dissolved solutes is dispersed in small droplets in the fat, and 
since the salt concentration in the water is quite high, most species of 
bacteria are inhibited and the butter tends to keep well. Halophilic or- 
ganisms if present (frequently introduced as contaminants in the salt) 
may grow and cause spoilage, butyric acid fermentation frequently being 
noted. Species of fat-splitting bacteria, generally of the genus Pseudo- 
monas, are commonly encountered and in addition to the fatty acids re- 
sponsible for rancidity may also produce substances, such as trimethyl- 
amine, which impart a fishy odor to butter. Growth of molds is generally 
inhibited by anaerobic conditions within the butter and by the common 
practice of tightly wrapping it to inhibit surface aeration and oxidations. 


Miscellaneous Products 


Milk products such as evaporated or condensed milk, milk powder, 
or ice cream are not products of microbie activity in milk, but they may 
serve as vehicles for the transport of bacteria. Evaporated or condensed 
milks contain less than one-half the water content of milk itself. The 
former product is usually sterilized, while the latter is preserved by the 
addition of about 40 per cent sugar. When prepared from pasteurized 
milk, neither is apt to be involved in the transmission of pathogenic bac- 
teria unless they are diluted and allowed to stand under unhygienic 


conditions. The same statement holds true for milk powders or ice 


cream. 
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BACTERIA IN OTHER FOODS 


In a few instances, foods can be preserved as a result of iicrobie activ- 
ity, while in the vast majority of cases, preservation is possible only if the 
foodstuff is kept free from microorganisms or if their growth and activity 
are inhibited. The main examples of the foods (other than cheese) pre- 
served by microbic action are sauerkraut, ensilage, and pickles, and pos- 
sibly the aged eggs of the Chinese. 

Sauerkraut. Cabbage and most other vegetables contain between 3 
and 5 per cent sugar, which can serve as food for bacteria once the plant 
cells are disrupted. In the manufacture of sauerkraut the cabbage 1s 
finely shredded, a small amount of salt is added, and the mass is firmly 
packed in a deep container. The salt draws water out of the cells, and 
this aids in their final disruption. A considerable amount of nutrient ma- 
terial becomes available for the bacteria initially present on the cabbage, 
and growth is soon initiated. Anaerobic conditions are rapidly established 
in the bulk of the cabbage, and then lactie and propionic acid bacteria 
generally gain numerical superiority over other species. The cabbage defi- 
nitely becomes sour, and the high degree of acidity developed, together 
with depletion of readily available nutrients, inhibits further microbie 
decomposition except on the surface. Here there is access to air, and 
molds or oxidative scum yeasts can develop at the expense of lactie acid. 
Putrefaction can set in onee the lactic acid has been oxidized. These 
changes can be prevented by keeping the sauerkraut well submerged or 
by canning it when fermentation is complete. Pure cultures of bacteria 
are not employed in making kraut, the desired species practically always 
being present on the cabbage and being able to crowd out other species 
of bacteria under the conditions prevailing in the kraut fermentation tanks. 

The same principle is employed on- the farm for the preservation of 
food for animals. Shredded cornstalks and leaves, grass, or other forage 
crops are packed in large cylindrical containers called silos. The packed 
shredded material undergoes the same physical and microbie types of 
change as cabbage in sauerkraut production. The fermented materials, 
known as ensilage, or silage, keep well under anaerobie conditions and 
serve as an excellent food for cattle and other animals during the winter 
months. In rare instances, anaerobes such as Clostridium botulinum may 
develop and cause silage poisoning. 

Pickles. Microbiologically the preparation of pickles is essentially 
similar to the production of sauerkraut. In this industry, however, the 
material to be fermented is not shredded. Dill pickles are prepared by 
the fermentation of cucumbers in 5 per cent salt solution, certain desired 
tastes being obtained by addition to the pickles of dill seeds—or parts 
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of the dill plant itselfi—and leaves of other plants such as grapes. Some 
sugar and other nutrients pass into solution from the cucumbers, and 
aerobic growth is initiated but soon stops with the development of an- 
aerobic conditions. Lactic acid bacteria and similar anaerobic species 
outgrow other bacteria, and the characteristic flavors develop during the 
course of the lactic acid fermentation. Pickles will keep almost indefi- 
nitely if access of air is prevented. 

Brine pickles are prepared by fermenting cucumbers in 10 to 15 per 
cent brine, a concentration of salt sufficient to inhibit most species of 
bacteria. A lactic acid fermentation does, however, occur very slowly, 
and the end result is a pickle similar to the dill variety. The excess of 
salt can be leached out of brine pickles, and they can then be converted 
into sweet, sour, or American dill pickles by appropriate treatment with 
spices, vinegar, sugar, or other agents. Green-tomato, cauliflower, onion, 
pepper, or green-bean pickles are made in the same manner. String or 
snap beans are sometimes preserved by a process similar to that employed 
for brine pickles and are used directly as a vegetable after washing free 
from salt. 


NONMICROBIC PRESERVATION OF FOOD 


Cabbage can be preserved in the form of sauerkraut and certain vege- 
tables or fruits as pickles, but all these food products have a sour taste, 
which is not desirable in most foods. It is therefore necessary to employ 
other methods for the preservation of foods from a time of abundance to 
one of scarcity. The aim of all methods is the inhibition or destruction 
of all organisms present in or on the food to be preserved. Preservation 
can be accomplished in a variety of ways, the method of choice generally 
depending upon the type of food to be kept. Meat, for example, being 
rich in proteins is subject to proteolytic decomposition, is more subject 
to contamination with animal pathogens than are vegetables, and makes 
a better medium for the growth of pathogenic species. Cooking under 
the conditions necessary for preservation by canning so alters its flavor 
that meat is not in general preserved in this manner. The inspection of 
animals and their carcasses by competent inspectors, cleanliness in the 
slaughterhouse, and cold storage serve as means of supplying meat safe 
for human consumption. Vegetables and fruits; while they can be pre- 
served by quick-freezing and cold storage, are at present preserved to the 
greatest extent in cooked forms in sealed containers. Other methods of 
preservation have limited use but are desirable for specific reasons. The 
various methods commonly employed in the food-preservation industries 
can be summarized as follows: 
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1. Inhibition of microbie action by: ; 
a. Storage at temperatures below 0°C —vegetables, fruits, meats, eggs, and ice 


cream ee 
b. Refrigeration—vegetables and fruits or their Juices, meats, eggs, and dairy 
products 
c. Dehydration—fruits, vegetables, eggs, milk, and meats , 
d. Osmotie-pressure effects—high sugar content in jellies, jams, and condensed 


milk, and salting of meats and vegetables 
e. Specific chemicals—food preservatives such as sodium benzoate (catsup), acetic 
and lactic acids, or spices and essential oils 
2. Destruction of microorganisms by: 
a. Pasteurization—milk, fruit juices, and mild alcoholic beverages 
b. Boiling—most fruits and acidic vegetables 
c. Heating under pressure—vegetables, fruits, and meat products 


There are two major aims in the food-preservation industries: the main- 
tenance of a product with the desired characteristics and the prevention 
of the spread of infectious agents by contaminated food. Pathogenic 
microorganisms present in foodstuffs preserved by the inhibition of micro- 
bic action may remain viable over considerable periods of time and may 
subsequently multiply if the foodstuff is allowed to stand under conditions 
favorable for growth of the pathogenic forms. The spread of infectious 
agents can be practically eliminated by the selection of foods not con- 
taminated with species pathogenic for man, by processing them under 
sanitary conditions, and by periodic examinations of food handlers to 
determine that they are not carriers of pathogenic organisms, particularly 
those of the enteric group. 

Inhibition of Microbic Action. The interior tissues of the plants and 
animals we use for food are generally free from microorganisms as long as 
the tissues are alive and healthy. The living cell, as has been previously 
considered, requires the continuous provision of energy if it is to be 
maintained. Once the edible portions of plants or animals have been 
harvested, an external source of energy is no longer available to the 
component cells, and they begin to disintegrate. This spontancous break- 
down of the cell is frequently aided by the enzymes present in the cell 
and is spoken of as autolysis. Autooxidation of cellular material also 
occurs, and the foodstuff begins to spoil, i.e., change in odor, taste, or 
appearance. Such change paves the way for invasion by microorganisms 
which greatly accelerate decomposition. 

Enzymic action, either of the tissues or of the contaminating micro- 
organism, is greatly retarded or completely blocked at low or high tem- 
peratures, in the presence of very little moisture, or in the presence of 
inhibitory chemicals. Low-temperature inhibition of enzymic action is 
being employed to an increasing extent at the present time, particularly 
with the modern development of methods of quick-freezing of fruits, vege- 
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tables, and meats. When foodstuffs are quick-frozen, less change occurs 
in their appearance, flavor, and palatability than in any other method of 
preservation. Many bacteria, however, remain viable in the quick-frozen 
state for months or even years, one explanation being that the ice crystals 
formed in this process are so small that the cell is not damaged and re- 
mains in a state of suspended animation. When quick-frozen foods are 
held at or near —18°C. (O°F.) or at slightly lower temperatures, they can 
be preserved over long periods of time. When thawed and used imme- 
diately, there is no more danger of the spread of infectious agents than 
there was with the original material, providing that it has been handled 
in such a manner as to prevent contamination with pathogens. Simple 
refrigeration or cooling is not enough to check entirely the action of en- 
zymes, and foods do spoil spontaneously or as a result of microbie action 
in the refrigerator, cooling simply acting as an enzymostatic agent. 

The same general principle, inhibition of enzymic action, applies to the 
preservation of food by dehydration, high osmotic pressure, or the use of 
inhibitory chemicals. Dehydrated foods keep well and oceupy much less 
storage or shipping space than does the fresh material, but there are two 
important disadvantages in many instances: the change in appearance 
and other properties which accompanies dehydration and the difficulty 
of getting water back into the dehydrated material before it is consumed. 
Dehydration is employed to a considerable extent in the preservation of 
certain types of food and is one of the oldest methods commonly employed 
by man, particularly for the preservation of meat. Large numbers of 
bacteria, yeasts, or molds may be present in dehydrated material, but 
they do no harm and many die on standing. Osmotic-pressure effects, 
generally produced by sodium chloride or by sugar, are in many respects 
a form of dehydration, the salt or sugar drawing water from the plant or 
animal cells. 

We have considered the preservation of certain foodstuffs by means of 
the inhibitory acidity developed by fermentation. Preservation in a sim- 
ilar manner can be accomplished by the addition of specific acids, gener- 
allv acetic (vinegar) or lactic, to the food, but this method is limited to 
those foods which man relishes with a sour taste. A number of spices 
contain essential oils or other components with weak bacteriostatic prop- 
erties, and they are used to a limited extent in food preservation. Taste, 
however, limits the concentrations which can be employed, and spices 
have little general value as preservatives. Smoke, also, acts in a similar 
manner, but at best certain of its constituents are only mild bacteriostatic 
agents, and it is usually employed in conjunction with salting, heating, 
or drying. Chemical agents such as boric, salicylic, or benzoic acids were 
formerly employed to a considerable extent as preservatives, but their 
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value, in the concentrations which can be used, is very doubtful. Stronger 
enzymatic or cellular poisons cannot be employed, as they would be toxic 
to man as well as microbe. 

Antibiotics have been tested regarding their value for use as food pre- 
servatives, and they show some promise for this purpose. In particular 
they appear to be of potential value in the preservation of meat. It has 
been reported that Aureomycin (chlortetracycline) injected into beef car- 
casses inhibits or prevents spoilage for many days at temperatures which 
lead to rapid spoilage of the untreated meat. The treated meat at the 
same time tends to be more tender than the untreated portion. Fish and 
poultry will also keep for longer periods if the dressed material is cooled 
in ice containing the antibiotic. The amounts of the antibiotic required 
are relatively small and most or all would be removed or destroyed dur- 
ing preparation for the table. More work is needed along these lines 
before the value of the procedure is established and it is employed on 
a large scale. The value of radiations for the sterilization of food is also 
under investigation. 

Many of our foods are heated before they are consumed, and we are 
used to the cooked taste. Heating to a sufficiently high temperature de- 
stroys enzymes and the cells from which they were derived. Once all 
cells have been killed, the food will keep indefinitely provided that it is 
not exposed to contamination or to sufficient oxygen to elicit marked 
oxidative change. Preservation of foods heated in closed containers was 
introduced by Appert in France in 1807, but spoilage did frequently follow 
attempted preservation by the original crude methods of the infant ean- 
ning industry. Heating by boiling was not sufficient to destroy spores 
which could develop later in a nonacidic food, and the methods of sealing 
were not always satisfactory. Preservation by boiling is still employed 
to a limited extent, particularly in the open-kettle and water-bath pro- 
cedures in the home, but is satisfactory only with foods which are acidic 
in character. Meats, corn, beans, and similar vegetables cannot in most 
instances be preserved by methods in which only the vegetative cells are 
killed. 

The commercial packer and many housewives now heat the canned 
material under pressure in order to obtain a product which is sterile, or 
reasonably so. Too long a period of heating, or heating at too high a 
temperature, can so change the nature of the food as to render it objec- 
tionable, and it is probably safer to say that most canned foods are 
preserved by “processing” at temperatures above the boiling point rather 
than to say that they are preserved by sterilization. In many instances, 
sterilization is accomplished, but an occasional spore or highly resistant 
vegetative cell may remain viable and cause spoilage. Two main types 
of spoilage are recognized. Swells are cans in which fermentation with 
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production of gas has occurred to such an extent that the ends of the 
ean are bulged. In relatively rare instances, swelling may be caused by 
chemical reactions in which hydrogen is ordinarily the gaseous product. 
Flat sours are cans in which fermentation with the production of acid 
but little or no gas has occurred. In some instances, spoilage is induced 
by Clostridium botulinum, which produces a highly potent toxin (see 
Chap. 23), and a drop of such spoiled material may contain sufficient 
poison to be lethal to man. Food showing any evidence of spoilage 
should be immediately discarded and in such a manner that animals 
cannot consume it. Furthermore, it should never be tasted first to “see 
if it is all right.” 

The canning industry is one of the major industries in the United 
States, the present annual output of canned products being in the neigh- 
borhood of 6 to 7 billion No. 2 cans. The canning industry has made 
careful determinations. of the thermal death points and thermal death 
times of different bacteria and spores in different foods packed in various 
ways and in containers of different sizes. Thermal death point signifies 
that temperature at which all test organisms are killed within 10 min. 
under the conditions of the test, while thermal death time expresses the 
time required for destruction at a lethal temperature under specified 
conditions. These values, particularly that of thermal death time, serve 
as a guide along with practical experience and the necessity of produc- 
ing a palatable product. The nature of the canned material and the 
size of the container must also be considered on the basis of ability of 
heat to penetrate throughout the contents. The application of scientific 
principles has been responsible for the development to an advanced state 
of the modern canning industry, an industry predicated upon the neces- 
sity of preventing microbie action rather than upon employing it for 
the production of desired products. 


CHAPTER 19 


INDUSTRIAL MICROBIOLOGY 


In the broadest sense industrial microbiology includes all applications 
of microorganisms to the preparation of materials of commercial value. 
The production of cheese, butter, sauerkraut, and other substances con- 
sidered in the preceding chapter is actually a part of industrial micro- 
biology. It, however, was considered along with food preservation since 
the changes induced by the various microorganisms involved resulted in 
products with better keeping qualities than the starting foodstuff. In 
this chapter attention will be focused primarily on microbes and microbic 
activity involved in the production of chemical entities. Such a division 
is an arbitrary one and is employed here for convenience only. 

Most processes in industrial microbiology are highly technical in char- 
acter and are carried out in, economic competition between the various 
producing companies. This has led to the search for better organisms 
or strains thereof and for cheaper raw materials and to the determina- 
tion of optimum environmental conditions, in addition to the development 
of improved equipment and recovery processes. Research in applied 
microbiology has increased our store of knowledge concerning micro- 
organisms and their behavior in general. Individual species or strains 
have been found which are most suited for a particular process, and they 
are distributed amongst the yeasts, the molds, and the bacteria. Since 
the greatest single industrial application of microorganisms is in the pro- 
duction of alcohol, this process will be considered in most detail to illus- 
trate fundamental principles involved in industrial applications of mi- 
crobie activity. 

Industrial Alcohol. Ethyl alcohol production in the United States has 
increased with increasing industrial demand from an annual output of 
approximately 10 million gal. in 1920 to 120 million gal. in 1940. This 
production was stepped up to over 500 million gal. annually during the 
war years. These figures do not include the alcohol in beer, wine, and 
other alcoholic beverages produced by fermentation but do serve to illus- 
trate the magnitude of this industrial application of microbiology. 

Alcohol is produced on a commercial scale by the fermentation of sugar 
under carefully controlled conditions with selected strains of Saccharo- 
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myces cerevisiae. Molasses served as the main source of sugar before 
the Second World War, but during that period it became necessary to 
substitute starchy grains or cellulose for sugar, which was in short supply. 
Starch, from grain or potatoes, or cellulose, has to be hydrolyzed by chem- 
ical or microbic action to sugar before it is available to yeast, which lacks 
diastase, the starch-splitting enzyme. This hydrolysis requires additional 
equipment and procedures and will be considered briefly under brewing. 

Molasses is diluted with water to a sugar content of 10 to 12 per cent; 
the solution is acidified to a pH of 4 to 4.5; and ammonium salts and 
phosphates are added if necessary to supply sufficient nutrient matter for 
growth of the yeast. Pure cultures of yeast are maintained in the lab- 
oratory, and transfers are made from these cultures to larger and larger 
volumes of culture media for the preparation of the organisms employed 
in the inoculation of the material to be fermented. Fermentation is fre- 
quently carried out in vats of 250,000-gal. capacity, and for fermentation 
on this scale an inoculum of approximately 11,000 gal. of yeast culture 
is required. Aerobie conditions are maintained for a time in the fermen- 
tation vat to promote growth of yeast to an extent sufficient to provide 
enough cells for a rapid fermentation. The air supply is then shut off; 
anaerobie conditions become established; and fermentation is generally 
complete within 2 to 3 days, the alcohol content of the fermentation liquor 
being around 10 per cent. Since the fermentation is carried out at a 
relatively low pH, the growth of most species of bacteria is inhibited, 
while anaerobic conditions which prevail for most of the time are detri- 
mental to the molds. Contamination, therefore, is a minor problem in 
comparison with some of the other fermentation industries. 

The carbon dioxide of fermentation is collected and compressed into 
cylinders or converted into dry ice, a yield in the neighborhood of 60,000 
lb. of carbon dioxide being obtained from a 250,000-gal. fermenter. The 
collection and utilization of various products reduces the cost of produc- 
tion of the aleohol itself. The fermented liquor is distilled with the 
production of 60 per cent alcohol, which on distillation in refining columns 
gives fusel oil and around 16,000 gal. of the 95 per cent grain alcohol of 
ecommerce. Potassium salts and carbon are additional by-products of 
molasses fermentation, while residues from the fermentation of grains or 
potatoes can be utilized as supplements for cattle food. 

Since neither the fermentation nor the baker's strains of Saccharo- 
myces cerevisiae form the starch-splitting enzyme: diastase, starch must 
be hydrolyzed to fermentable sugar before it becomes available as a food 
for yeasts. Malt, prepared from sprouted barley grains, is rich in diastase 
and is commonly employed for the hydrolysis of starch to sugar. Molds 
produce considerable amounts of diastase, and they are used to a con- 
siderable extent for the production of this enzyme. The desired species, 
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generally Aspergillus oryzae, is cultivated on moist bran; the enzyme is 
extracted from the moldy bran and is added to the starch material to be 
hydrolyzed. In some instances the starch is hydrolyzed by the molds 
directly rather than by the enzyme separated from them. . 

Glycerol. Glycerol is ordinarily obtained from fats, but during the 
First World War the fat supply in Germany was extremely limited. It 
was known from Neuberg’s studies that yeast fermented sugar in the 
presence of sulfites, or in an alkaline environment, with the production of 
glycerol. Sulfites bind acetaldehyde in such a manner that it is not avail- 
able as a hydrogen acceptor in the normal scheme of fermentation, and 
dihydroxyacetone phosphate acts in its place, being reduced to glycerol. 
Under alkaline conditions the reduction of acetaldehyde is inhibited, and 
approximately one half of the sugar fermented is converted via dihydroxy- 
acetone to glycerol, the other half being dissimilated with the formation 
of acetaldehyde, which undergoes a Cannizzaro reaction, one molecule 
being reduced to ethyl alcohol at the expense of a second molecule which 
is oxidized to acetic acid. Glycerol is difficult to separate from the 
fermentation mixture, and the process is of little economic importance 
normally. The process does, however, illustrate how the activities 
of microorganisms can be influenced by changes in the nature of the 
environment. 

Brewing. Brewing, or the production of malt beverages, particularly 
beer, is an ancient industry, probably dating from early Egyptian times. 
The brewing process is similar to the production of industrial alcohol 
from grains in that the starch must be converted to sugar and subse- 
quently fermented. The nature of the end product is such, however, that 
there are a number of steps peculiar to the production of beer. 

The chief raw material for beer is barley, or other grains. The first 
step in beer production is the preparation of malt from barley, which is 
soaked in water and then permitted to germinate for about 10 days. 
Germination is then halted, and the “green malt” is next dried at 75 to 
100°C., the temperature employed being determined by the type of malt 
desired, a light malt being obtained at the lower temperature. This dried 
malt contains a high percentage of starch, but during the germination 
process the starch-splitting enzyme, diastase, was produced and is present 
in the malt. 

In the actual process (see Fig. 19-1, to which the figures in the text 
apply), malt and cereal adjuncts from storage bins (1) are mixed with 
hot water (2) in the cooker (3) to form a cereal mash. The mash is mixed 
with more malt and water in the mash tub (4), and during mashing the 
starch is hydrolyzed by the enzyme diastase to malt sugar, or maltose. 
When mashing is complete, the mixture is filtered (6), and the spent grains 
can be recovered for use in cattle food. The filtrate (malt extract, or 
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Fic. 19-1. Flow sheet for the production of beer. The numbers refer to descriptive 
material in the text. (Courtesy of the Armstrong Cork Co.) 


wort) is next boiled with hops (7), which add desired flavor and at the 
same time an antiseptic oil somewhat inhibitory to lactic acid bacteria, 
which would find highly suitable conditions for growth in the wort. The 
hops are removed, and the hopped wort is pumped into the tank (9), 
flows through the cooler (10), and then into the storage tank (11). It 
is then inoculated (pitched) with a culture of selected yeast, and fer- 
mentation proceeds in the fermentation tanks (12). Top-fermenting 
yeasts are employed for the preparation of ale and bottom-fermenting 
strains for beer, strains of S. cerevisiae commonly being employed al- 
though S. carlsbergensis or S. monacensis is sometimes the organism of 
choice. 

The fermentation is carried out at 6 to 12°C. for 8 to 10 days in the 
production of beer and for 5 to 7 days at 15 to 23°C. for ale. During 
this time most of the fermentable sugars are converted to ethyl alcohol 
and carbon dioxide together with smaller amounts of glycerol and of 
acetic acid. Higher aleohols and acids are produced from amino acids, 
and these substances react to a limited extent, with the production of 
organic esters. The fermenting solution gradually becomes more acidic, 
and some of the protein and other complex organic substances such as 


resins settle out of solution. 
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When fermentation is complete, the beer passes into storage tanks (13), 
where it is aged at a low temperature. During aging, the suspended 
yeast cells and other materials settle out, and the beer mellows or matures 
with the development of desired characteristics. After aging, beer is 
filtered, carbonated, and packaged in kegs (14), bottles (15) or cans, 
packaged beer being pasteurized at 60 to 61°C. for 20 min. before it is 
marketed. More than 70 million barrels (31 gal.) are produced annually 
by the action of somewhere in the neighborhood of 200 million lb. of 
yeast. This yeast, if it could be debittered economically, would have 
considerable use as a food adjunct. 

Wines and hard cider are produced in a manner somewhat similar to 
the production of beer. Mashing is not required, since the fruit juices are 
rich in fermentable sugars, and hopping is not employed. The type of 
wine produced depends upon the nature of the grapes and the processing 
of the fermented liquid. Pure cultures of yeast are ordinarily not em- 
ployed, sufficient yeasts normally being present on the fruits and gaining 
entrance to the juice expressed from them. The predominating species 
in vinous fermentation is S. ellipsoideus, which differs from beer yeasts in 
shape, in power to produce higher alcohols, and in the flavor it imparts 
to the fermented liquid. The addition of sulfurous acid to the juice 
greatly inhibits the growth of bacteria. The addition of pure cultures of 
the desired yeast would further ensure the development of the desired 
fermentation but is generally not necessary. Once fermentation is com- 
plete, enzymic changes may continue and aid in the ripening of the wine. 
Annual production is in the neighborhood of 150 million wine gallons, 
the bulk of the American production being in California wineries. Tar- 
trates, which were formerly imported from Mediterranean countries, are 
becoming an important industrial by-product of wine making, recent 
developments indicating a possible annual production of 10 million Ib. 

The production of whiskies and other hard liquors is more closely re- 
lated to industrial aleohol production from cereals. The fermented liquid 
is distilled and then aged for a considerable length of time in oak barrels. 
Many of the whiskies on the market at the present time are blends of 
aged whiskies and of aleohol. Annual production of distilled liquors is 
greater than 160 million tax gallons. 

Baker’s Yeast. The production of baker’s yeast, selected strains of 
Saccharomyces cerevisiae, is an industrial operation of considerable ex- 
tent, over 100,000 tons of yeast being produced annually in the United 
States. Here again the influence of environment on microorganisms is 
well illustrated. The distillers and brewers are interested in the conver- 
sion into aleohol of as much as possible of the carbohydrate employed, 
together with minimum yeast production necessary for the fermentation. 
The producers of baker’s yeast, on the other hand, must convert sugar 
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into yeast substance with minimum production of metabolic waste prod- 
ucts such as ethyl aleohol. In the fermentation industry metabolic 
products are desired, cells themselves in the yeast factories. 

In early days it was observed that bread made from dough which had 
been allowed to stand for some time was frequently lighter in texture and 
of improved palatability. The mass of dough appeared to increase in 
size, to rise on standing, and this process could be facilitated by keeping 
a portion of the risen dough and adding it to subsequent batches. The 
use of such starters for the production of leavened bread became quite 
common but no one knew the cause of the phenomenon of dough rising, 
and frequently considerable trouble was encountered, the dough not be- 
having as it should and the bread produced from it having undesirable 
qualities. Frequently a sour-dough type of bread was produced, and, as 
we tow know, this type of leavened bread results from the production 
of acid and gas by bacteria, generally Aerobacter cloacae, in the dough. 
Clostridia, which are capable of fermenting starch as well as sugar, begin 
to multiply when the dough stands for too long a period of time, and 
they produce butyric acid and other undesirable substances in the dough. 
Bacterial fermentations can generally be kept at a minimum by the use 
of large quantities of yeast and consequent decrease in time required for 
the dough to rise. | 

While compressed yeast for baking purposes was introduced by Mason 
in England in 1792, little was known about the nature of this product 
which was highly variable. With the realization that leavening is brought 
about by the action of yeast, it became possible to control more closely 
the leavening process as well as the production of starters for use in the 
baking industry or at home. The first marked advance in the prepara- 
tion of baker’s yeast was the development of the Vienna process in 1860. 
Kiln-dried roalt and corn were ground together, mixed with water, mashed, 
inoculated with yeast, and the mixture allowed to ferment. About 10 to 
14 per cent of the sugar was converted into yeast, considerable quanti- 
ties of ethyl aleohol being produced at the same time. Marquardt, in 
1879, advocated aeration of the mash as a means for increasing the pro- 
duction of yeast. With increasing knowledge of the nature of yeasts and 
their nutritional requirements, better methods for production of baker’s 
yeast have been developed, and a 200 per cent yield on the basis of sugar 
utilized is now obtained. The concentration and nature of the nutrients 
in the culture medium are carefully adjusted, growth, for example, taking 
place in a sugar solution of about 1 per cent rather than 10 to 12 per cent 
as employed in the fermentation industry. More sugar is added from 
time to time as needed to keep growth at a maximum rate, over 2,000 Ib. 
of yeast being produced in 12 hr. from an inoculum of 125 Ib. . | 

When dough is inoculated with yeast, a portion of the sugar is rapidly 
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fermented with the production of aleohol and carbon dioxide, this gas 
causing the dough \. qpell and giving porosity to the bread produced from 
it. Yeast will also attack other constituents of the dough, breaking them 
down into products more readily assimilated by the body or imparting 
characteristic odors or tastes to the bread. Some of the alcohol and gas 
is driven off during baking, and most or all of the yeast cells are killed, 
although bacterial spores will resist the temperature of baking. Spores 
of Bacillus mesentericus are frequently present in flour, and they germi- 
nate in bread, particularly in warm weather or when the bread is kept 
in a warm place. Their development leads to the production of a canta- 
loupe-like odor and the production of a sticky mass which can be drawn 
out into threads, hence the name ropy bread. Acids or salts are inimical 
to growth of B. mesentericus, and when trouble with ropy bread is en- 
countered, one or both are frequently added to the bread dough. In most 
instances the first evidence of the decomposition of bread on standing is 
the growth of molds, generally Aspergillus or Penicillium species. 

It is apparent that the yeast cell is a complex little “factory” by itself 
and one capable of performing a considerable number of functions in dif- 
ferent environments, its activity supplying some of the essential needs of 
man as well as some of his pleasures. Saccharomyces cerevisiae is the 
most important single species of the microorganisms of industrial impor- 
tance, the penicillin producers probably ranking second at the present 
time. 

Food Yeast. Chemical analyses of yeast show that it contains about 
70 per cent moisture, 13 per cent protein, 10 per cent carbohydrate, 1 
to 3 per cent fat, 2.5 per cent mineral matter, and relatively high con- 
centrations of some of the B vitamins, vitamin G, and ergosterol, the 
precursor of vitamin D. Except for a relatively low fat content, yeast 
approaches meat rather closely in chemical composition and could be 
substituted for meat to a great extent if it could be produced cheaply 
and prepared in an appetizing manner. There are indications that these 
problems may be solved, and yeast or molds may become of importance 
in the diet of man. At present, yeast is employed in the diet primarily 
as a source of vitamins, and in some instances it is incorporated into the 
diet as a supplement in semifamine areas. 

Considerable quantities of brewer’s yeast formerly were thrown out as 
of no value, the bitter components of hops imparting undesirable tastes 
to it. For this reason it could not be employed in the preparation of 
bread or as a supplement in cattle food. Methods have been devised for 
debittering brewer’s yeast, and considerable quantities of yeast for use 
as a food supplement could be obtained from this source. Other yeasts 
have more agreeable tastes than S. cerevisiae, Torula utilis in particular 
showing promise as a food yeast. T. utilis can use pentose sugars and 
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organic acids as well as glucose or sucrose, and for this reason it is par- 
ticularly valuable for yeast production on wood sugars obtainable from 
the sulfite waste liquids of paper-pulp manufacture. Sulfite waste liquor 
has a high biochemical oxygen demand and creates a serious problem 
when dumped into a stream or body of water. Cultivation of Torula on 
suitably treated sulfite wastes markedly reduces the oxygen demand of 
the liquid, and if the organism can be produced on an economical basis, 
the process would be an excellent one for both yeast production and 
waste disposal. Yeast for human food was produced from sulfite liquors 
in Germany during the Second World War, approximately 16,000 tons 
being obtained from this source in 1944. 

Proteins and fats are the two most expensive major items in the diet 
of man. Our fat supply is primarily from animal sources and from a few 
seeds, e.g., cottonseed, corn, and coconuts. Certain species of yeasts and 
molds can produce considerable quantities of fat under appropriate con- 
ditions, and methods have been developed for the production of fat by 
these organisms. Endomyces vernalis produces relatively high amounts 
of fatty material when cultivated on a medium high in carbohydrate con- 
tent. Odspora (Oidium) lactis is another yeast of potential importance 
as a fat producer, particularly when cultivated on a whey medium. A 
number of technical difficulties must be solved before fat can be pro- 
duced economically by the action of yeasts, but it is becoming apparent 
that with increasing population on the earth, means must be developed 
for the utilization of waste materials on an ever-increasing scale. Indus- 
trial microbiology can make important contributions in this field. 


MOLD FERMENTATIONS 


The term fermentation is employed not only for the anaerobic conver- 
sion of organic matter into simpler units with accompanying release of 
energy but also to partial oxidations of organic compounds under aerobic 
conditions. The acetic acid bacteria and many of the molds are char- 
acterized metabolically by incomplete oxidations; e.g., the acetic acid 
bacteria oxidize ethyl alcohol to acetic acid. Citric, gallic, and gluconic 
acids are produced on a commercial scale by the action of different species 
of molds. This type of fermentation can be illustrated by the citric acid 
fermentation. 

Citric Acid Fermentation. Citric acid was formerly obtained primarily 
from citrus fruits and pineapples, but the demand for it for medicinal 
purposes, in foods and soft drinks, in candies, and in a number of minor 
industrial processes has led to the development of large-scale production 
methods utilizing the metabolic activities of Aspergillus niger. Molasses 
or glucose in 12 to 15 per cent sugar concentration together with ammo- 
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nium, phosphorus, and magnesium salts and trace elements such as iron, 
manganese, copper, and zinc serves as the culture medium. It is adjusted 
to a pH near 2.0, sterilized, placed in shallow layers in pans, and inocu- 
lated with spores of A. niger. During the growth of the mold as a mat 
on the surface of the medium, a considerable portion of the sugar is con- 
verted within the mold cells into citrie acid, which 1s then excreted. In- 
dustrial conversions of sugar into citric acid with yields of 60 to 70 per 
cent can be obtained. Procedures for citric acid production in submerged, 
vigorously aerated cultures of A. niger are being developed. The annual 
production of citric acid by molds in the United States amounts to over 
10 million Ib. 

Itaconic acid, a raw material of interest for the production of plastics, 
and gluconie acid for pharmaceutical purposes are produced in surface 
cultures of Aspergillus terreus and Penicillium chrysogenum (or A. niger), 
respectively, on sugar media. Gallic acid is produced commercially by 
the action of Aspergillus on tannin and is used in the preparation of inks 
and dyes. Lactic acid (d isomer) is also produced to some extent on a 
commercial basis, species of Rhizopus being employed in the process. 
The utilization of molds for the preparation of certain types of cheese 
was considered in the preceding chapter. 

Riboflavin. Buty] aleohol—producing species of the genus Clostridium 
were formerly employed for the commercial production of riboflavin. A 
number of molds produce this material in higher yields, Hremothecitum 
ashbyii cultivated in submerged, aerated cultures appearing to be the most 
satisfactory one on an industrial seale. 

Enzyme Preparations. Four principal types of mold enzymes are used 
on an industrial scale: amylases, invertase, proteinase, and pectinase. 
Amylases (diastase) act upon starch and are employed in the preparation 
of adhesives, the desizing of silk textiles, and for pharmaceutical pur- 
poses. Invertase, from either molds or yeast, is employed for the produc- 
tion of soft-center chocolates. It hydrolyzes the sucrose in the fondant 
into glucose and fructose, which imparts a more sirupy consistency to 
the coated fondant. Proteases are employed for a variety of purposes, 
degumming silk, tanning leather, preparation of glue, ete. Pectinase is 
used in +he clarification of fruit juices and in the retting of flax, although 
in the latter case retting is normally carried out by the action of bacteria 
and other microorganisms rather than by enzymes separated from them. 

Koji, actually more a starter than an enzyme preparation, is prepared 
by the cultivation of Aspergillus flavus-oryzae on rice or other grains or 
on bran. It has marked proteolytic and amylolytic action and is used in 
the preparation of materials such as soy sauce from soybeans and sake 
wine from rice. 
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Penicillin. The production of 25.8 trillion units (1,667 units per milli- 
gram of penicillin G) in 1946 represented a modern miracle of the appli- 
cation of science and of industrial methods to the production of a material 
relatively unknown in 1940. The value of penicillin as a chemothera- 
peutic agent was not recognized before 1940, but once clinical obser- 
vations indicated the extreme value of this material, a concentrated, 
cooperative reseach program was initiated on methods of production. 
Industrial production of penicillin now ranks as second to ethyl! alcohol 
in value of product produced by microbic action. 

Penicillin was first produced by Penicillium notatum in a surface-cul- 
ture fermentation on a carbohydrate medium contained in thin layers in 
flat bottles. The yield was poor, and an immense amount of labor was 
required for the production of penicillin. New strains, as well as a related 
species, P. chrysogenum, were found which gave better yields. Improve- 
ments were made in the culture medium, it being found that penicillin 
production was enhanced by the substitution of lactose for glucose, by 





Fic. 19-2. Thirty-liter glass fermentation jar for laboratory study of fermentations 
or production of antibiotics. (Courtesy of Eli Lilly and Co.) 
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the addition of corn steep liquor (the solution resulting from the steeping 
of corn during the preparation of starch), by the addition of phenylacetic 
acid, and by slight changes in the ratio and amount of various ions mak- 
ing up the Czapek-Dox medium commonly employed in the cultivation 
of molds. The biggest advance was in the development of strains of the 
mold and methods capable of producing relatively large amounts of peni- 
cillin in submerged, well-aerated cultures (see Figs. 19-2 and 19-3) in 
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Fic. 19-3. Sixteen-hundred-gallon fermentor for the pilot-scale study of antibiotie 
production. (Courtesy of Eli Lilly and Co.) 


containers of 2,500- to 10,000-gal. capacity, rather than in approximately 
quart amounts in individual bottles. Time of production was reduced 
at the same time from 8 to 10 days to 60 to 75 hr. In submerged cultures 
the mold growth greatly resembles particles of tapioca rather than the 
type of growth so commonly associated with these fungi. Contamination 
of the cultures or shifts from suitable environmental conditions markedly 
inhibit penicillin production. 

Penicillin is an extremely unstable substance in acid or alkaline solu- 
tions and is most commonly prepared and marketed as the sodium or 
caleium salt, the purified and dry salts being relatively stable. Actually 
there are a number of penicillins, all having the same basic formula but 
differing from each other in the nature of the radical R in the following 
formula: 
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In penicillin G, which is commonly employed and which serves as the stand- 
ard for penicillin activity determinations, the R group has the structure 


pe 


a benzene ring being attached through a —CH2— group to the structure 
common to all natural penicillins. 


BACTERIAL FERMENTATIONS 


Relatively few bacteria are employed in pure culture on a commercial 
seale for the production of chemical entities, although many are employed 
in mixed cultures for the production of cheese and butter, the retting of 
flax and other textile plants, the tanning of leather, the preparation of 
coffee beans, cocoa, silage, pickles, sauerkraut, and other materials of 
economic importance. Bacteria are also used in the preparation of fer- 
mented beverages in the warmer countries. Some of the higher bacteria 
(Streptomyces) are employed for the production of various antibiotics. 
Aerobie culture methods are employed in the production of antibiotics 
and the aerobic fermentations that lead to the formation of vinegar, 
dihydroxyacetone, gluconic acid, and sorbose, while anaerobic fermenta- 
tions are utilized for the production of lactic acid, various solvents, and 
certain fermented beverages such as pulque. 

Antibiotics. Streptomycin was the second antibiotic found to have 
marked value as a chemotherapeutic agent, and is effective against a 
number of gram-negative and acid-fast bacteria resistant to the action 
of penicillin. It is produced by Streptomyces griseus in submerged, 
aerated cultures similar to those employed in the production of peni- 
cillin. The use of mutant strains isolated following ultraviolet, X-ray, 
or nitrogen mustard treatment, together with improvements in culture 
media, have ted to higher yields of streptomycin, as is also true for 
penicillin production. Dihydrostreptomycin is produced by the reduc- 
tion of streptomycin. Residues from streptomycin production (and from 
other antibiotic-producing Streptomyces) often are relatively rich in 
vitamin Byz and are used as a commercial source of this agent. 
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Chloramphenicol (Chloromycetin) was produced by Streptomyces 
venezuelae growing in submerged cultures, but this agent can be pro- 
duced more readily by chemical than by biological methods. The 
tetracyclines are produced by other species of Streptomyces—S. aureo- 
faciens forming chlortetracycline (Aureomycin) and S. rimosus oxytet- 
racycline (Terramycin), while the parent substance, tetracycline (Achro- 
mycin or Tetracyn), is formed by the reductive dechlorination of chlor- 
tetracycline. The media employed generally contain sucrose and peanut 
meal or similar substances, but the details of production of the tetracy- 
clines are, for the most part, trade secrets. 

Many other antibiotics are produced commercially, some in processes 
involving activity of bacteria, but usually these have more limited ap- 
plicability than penicillin and the antibiotics mentioned above. A few 
of these miscellaneous agents may prove to be of value in the treatment 
of diseases of viral, rickettsial, or fungal origin, but most are employed 
for topical application to.man, control of plant and animal diseases, and 
food supplements for animals. Moore reported in 1946 that succinyl- 
sulfathiazole or streptomycin added to a purified diet for chicks led to 
increased growth of the chicks. Others observed the same response in 
chicks, turkeys, and various other animals. Large amounts of antibiotics 
are employed as adjuncts in animal feeds but for the most part at a level 
on which they have little antibacterial activity. Their mode of action 
in stimulating growth of poultry and animals is not understood. The 
antibiotic industry has grown by leaps and bounds from practically zero 
production in 1940 to over 2,000 tons in 1955, with a value of around 
$250,000,000. Search for new antibiotics, and for improvements in 
methods of preparing the known ones, continues. 

Vinegar. When fruit juices are allowed to stand, they generally un- 
dergo alcoholic fermentation, a concentration of aleohol being produced 
which is inhibitory to further growth of yeasts and also to the growth of 
many species of bacteria. Species of the genus Acetobacter, however, are 
capable of growing on the surface of wine or cider, obtaining a consider- 
able portion of the energy required for growth from the oxidation of ethy! 
alcohol to acetic acid according to the equation 


CH3CH2OH + O2 > CH;COOH + H20 


When wine or cider is allowed to stand in an open container, the acetic 
acid bacteria will in time contaminate the material and grow, in associa- 
tion with yeasts, on the surface with the formation of a thick, jelly-like 
layer known as mother of vinegar. Pasteur recognized that beer and 
wine frequently spoil on standing owing to acetification by microorgan- 
isms. Hansen, a Danish bacteriologist, isolated and described two species 
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of the acetic acid bacteria, naming them Bacterium (now Acetobacter) 
aceti and B. pasteurianum. Other Acetobacter species are present in 
vinegar, pure cultures of the desired species or strains now being em- 
ployed on a commercial scale to obtain the desired odor and flavor pro- 
duced by the action of the organism on constituents of the wine or cider 
acetified. 

When the vinegar is exposed to air for a time, the acetic acid bacteria 
may slowly oxidize the acetic acid to carbon dioxide and water, certain 
species being more active than others in oxidizing to completion. These 
organisms are not active under anaerobic conditions, and the 4 to 5 per 
cent acetic acid content of vinegar is quite inhibitory to the growth 
of other bacterial species. Vinegar is generally pasteurized to prevent 
continued activity of the acetic acid bacteria and the growth of other 
organisms. 

The acetic acid bacteria are characterized by the incomplete oxidation 
of aleohols and of sugars and by their extreme pleomorphism, filamentous 
and large club-shaped forms frequently being encountered. Many but 
not all species form a thick zoogloeal membrane when cultivated on 
liquid media. They are widely distributed in nature, where they are 
generally associated with the souring of fruits. 

Commercial production of vinegar is carried out in large, partially filled 
casks, in which the bacteria grow in a film (often supported by wooden 
floats) on the surface of the wine or cider, or in generators in which the 
medium trickles over wood shavings. A heavy film of acetic acid bacteria 
develops on the shavings, and aerobic conditions are maintained by a flow 
of air in the direction opposite to that of the liquid being acetified. This 
method permits continuous operation, but it is claimed that the product 
is not of so high a quality for table use as that produced by the slower 
fermentation in casks. 

The acetic acid bacteria are also utilized to a limited extent for the 
oxidation of the sugar alcohol, sorbitol, to sorbose, which is employed in 
the production of vitamin C, and in the oxidation of glycérol to dihy- 
droxyacetone. Acetobacter suborydans is generally employed for these 
oxidations, this species showing little tendency to carry the oxidations 
further. 

Lactic Acid. We have considered in the previous chapter the produc- 
tion of lactic acid during the souring of milk. On the industrial scale, 
lactic acid itself is prepared by the fermentation of lactose in whey, of 
sucrose in molasses, or of glucose in starch hydrolyzates. Any of several 
species of the lactic acid bacteria can be employed, although Lactobacillus 
delbrueckii is generally the organism of choice. The fermentation is car- 
ried out around 50°C., as this organism is somewhat thermophilic and the 
relatively high temperature is inhibitory to the growth of most other 
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species of bacteria. The use of this temperature also reduces the cost of 
production since the medium need be only pasteurized rather than com- 
pletely sterilized, unless marked contamination with anaerobic spore- 
formers is encountered. 

Calcium carbonate is added during the course of the fermentation to 
neutralize the acid as it is formed and thereby encourage further growth 
of the bacteria. Lactic acid yields equivalent to 85 per cent of the sugar 
fermented can be obtained on a commercial basis. Calcium lactate can 
be crystallized from the filtered and concentrated fermentation liquor and 
converted to lactic acid on acidification with sulfurie acid, the calcium 
being precipitated as the sulfate. This acid can be further purified by 
appropriate chemical methods. Annual production of lactic acid is in 
the neighborhood of 10 million lb. A recent development indicates the 
possibility of producing lactic acid from sulfite waste liquor, a process 
which, if successful on a commercial scale, would be of value in the dis- 
posal of sulfite wastes, which at the same time would serve as cheap start- 
ing material. Lactic acid is employed in the tanning industry, in the 
food industry, in a number of pharmaceutical preparations, and in the 
preparation of plastics. 

Butyl Alcohol-Acetone Fermentation. Pasteur was the first investi- 
gator to show that butyl alcohol is a product of microbial fermentation 
along with butyric acid and other substances. Acetone was later found to 
be produced during the course of the butyric acid fermentation. Acetone 
was needed in considerable amounts during the First World War for the 
production of explosives and airplane “dopes,”’ and methods for the in- 
dustrial production of this material by fermentation were developed. 
The demand for acetone diminished after the war, and chemical methods 
were developed for its production, both factors resulting in diminished 
interest in the microbiological aspects of its production. Since then, an 
increasing demand for butyl aleohol (butanol) in the production of lac- 
quers has developed, and research has been directed primarily to the 
production of this substance. 

Buty! alcohol can be produced from a variety of sugar or starch sources 
and by a number of bacteria, the two important industrial species being 
Clostridium butylicum and C. acetobutylicum, the latter species being 
particularly valuable in starchy media. The fermentation is a complex 
one, end products varying with time in a manner illustrated in Fig. 10-6. 
The butanol fermentation is biologically unstable, and much attention 
has been given to the selection and maintenance of high-producing strains. 
It has been observed that the vegetative cells derived from the more heat 
resistant spores are frequently the most active fermenters. “Heat shock- 
ing” has, therefore, been used in the preparation of the inocula for start- 
ers, the culture being heated for 1 to 2 min. at 100°C. to kill the cells and 
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the less resistant spores. The fermentation is also markedly influenced 
by contaminants which influence the course of the fermentation. Ethyl 
alcohol and lactic acid fermentations have a considerable factor of safety 
as regards the production of the desired products, a factor not present in 
the butanol and penicillin fermentations. In the latter industries, ex- 
treme care must be exerted to exclude other organisms, and the technique 
of preventing contamination on a large scale is an extremely difficult one. 
In addition to being influenced by other bacteria, the butyl alcohol bac- 
teria are also subject to the action of bacteriophages specific against 
them. The producer must use extreme care in all manipulations, and it 
is necessary to be thoroughly familiar with the nutritional requirements 
of the strain employed, a rapid and vigorous fermentation giving highest 
yields with least trouble. 

A mixture of end products is produced, a typical fermentation of 1,000 
parts of starch yielding 220 lb. of butanol, 85 of acetone, 15 of mixed 
acids, 520 of carbon dioxide, and 14 of hydrogen. The hydrogen and 
carbon dioxide are collected and can be catalytically converted into 
methyl aleohol. Considerable amounts of riboflavin are formed, and this 
fermentation was formerly a main source of this vitamin. Acetylmethy]- 
earbinol is another minor product of the fermentation. 

In concluding this summary of the industrial activities of bacteria it 
might be well to consider that agriculture is one of the most important 
industries and that the microbiological activities in the soil constitute the 
most essential industrial application, fortunately one that does not re- 
quire the extreme care needed in the factory. For other industries, man 
selects an organism contributing its mite in the economy of nature, an 
organism producing an agent of economic value to him, and harnesses it 
as well as he can to do his purpose, at times in conflict with other organ- 
isms which find the environment suitable for their own ends. 
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CHAPTER 20 


INFECTION AND RESISTANCE 


In preceding chapters we have been considering the activities of bac- 
teria in various inanimate environments. At this time we shall turn to 
a consideration of the more complex relationships observed when bacteria 
are parasitic on man or other animals. The discussion will be limited 
primarily to the relationships between pathogenic species and their hosts 
which lead to the development of an infectious disease or of recovery 
therefrom. 

Disease. The healthy organism is one so adjusted that it is normally 
capable of carrying on all the functions necessary to its existence. These 
functions are guided by the metabolic and other processes of the various 
cells which constitute the plant or animal. Once the rather indefinite 
limits of the healthy state have been passed, the individual is said to be 
diseased. Hence disease is an abnormal state or condition of the indi- 
vidual organism, or parts thereof, and wide variations may be observed 
in the extent of the diseased state. An abnormal state of a plant or 
animal may be induced by a variety of factors, physical, chemical, or 
biological in origin. These may be classified and illustrated in a general 
way as follows: 


1. Physical agents: heat, cold, pressure, or radiations 

2. Chemical agents: chemicals present in marked excess or possessing specific toxicity. 
Lack of essential substances such as vitamins 

3. Biological agents: saprophvtes cr parasites which have entered another organism 
and produced an abnormal state, an infectious disease 


In the case of infectious disease, the invading parasite in some manner 
interferes with the normal sequence, rate, or type of metabolism and 
other processes of a group, or groups, of cells. Tissues of the host pro- 
vide substrates for the parasite to feed upon. The ability of the parasite 
to utilize these materials under the conditions prevailing in the host is 
an important prerequisite for growth and proliferation of the invader, 
i.e., establishment and maintenance of the disease state. Final under- 
standing of the true nature of the various infectious diseases depends on 
a full understanding of the normal functions and activities of the para- 
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sitie cells, of the cells of the host, of the interrelationships between the 
cells of the parasite and of the host, and finally of the abnormality of 
function elicited as a result of this host-parasite association. Needless to 
say, most of these are unknown factors, but we shall attempt to sum- 
marize the general knowledge of the interplay between the pathogenic 
parasite and its host. 

Early Concepts of Disease. A number of hypotheses were advanced 
during early times to explain the nature and cause of disease. In one 
hypothesis, the demonic, it was postulated that evil spirits invaded the 
body and produced damage therein. Charms, spells, and incantations 
were invoked to keep the evil spirits away or to drive them out once 
they had invaded the body. Other peoples postulated that disease was 
the result of acts which brought forth the displeasure of the gods and 
was meted out to the individual as punishment for his sins. A more 
recent suggestion was that disease originated in dirt or filth and could 
be transmitted to a healthy person. An earlier idea along somewhat 
similar lines held that disease is caused by miasmas or vapors originating 
from swamps or bogs. These latter concepts were based on observations 
that disease was more prevalent in lowlands. Observations of this nature 
led to philosophical considerations in which it was suggested that micro- 
organisms might be present in such material and that they were the cause 
of disease. Actual evidence for this hypothesis began to accumulate dur- 
ing the early part of the nineteenth century. 

During this time the search for the presence of microorganisms in 
diseased tissue was prosecuted with enthusiasm. A number of workers 
attempted to produce infections in experimental animals by the transfer 
of such matter, and in many experiments they were successful. How- 
ever, much of this early work was of a sloppy character, could not be 
readily confirmed, and as a result the “germ” theory of disease was in 
general disrepute. We must remember that experimental methods in 
microbiology were very crude at this time, and the lack of pure cultures 
was a serious handicap. Jacob Henle, a pathologist, in. 1840 protested 
against the poor experiments and loose reasoning of the time and de- 
manded that evidence be submitted which would show that the micro- 
organism suspected of being the infectious agent of the contagion (1) 
could be constantly found in the infected tissue, (2) could be isolated 
from it, and (3) on injection could induce the disease. Almost thirty 
years elapsed before these conditions were met and it was defiaitely estab- 
lished that microorganisms could produce infections in animals and plants. 

A number of workers around 1850 observed the presence of relatively 
long bacteria in great numbers in the blood of animals dead of anthrax. 
This led them to suspect that these rods might be the etiological agent of 


the disease. The studies of Davaine in the period 1863 to 1868 gave con- 
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siderable support to this belief, particularly when he was able to demon- 
strate that anthrax can result from the inoculation of a healthy animal 
with as little as one-millionth of a drop of blood from an infected animal. 
He was strengthened in this belief by the studies of Pasteur on the mi- 
crobie specificity of fermentations and of microorganisms as the cause of 
diseases of wine and beer, reasoning by analogy that diseases of plants 
and animals might also be caused by specific microbes. 

In 1865 Pasteur was commissioned by the French government to in- 
vestigate a disease, pébrine, of silkworms, which was seriously crippling 
the French silk industry. He presented considerable evidence that the 
disease was caused by a protozoan organism and that a second disease, 
flacherie, was induced by bacteria. He was also able to introduce methods 
for the control of these infections, and as a result of these studies he be- 
came interested in the study of infectious diseases and in particular in 
methods for their control. 

In 1876 the German doctor, Robert Koch, was able to demonstrate that 
the bacterium observed in such large numbers in animals dying of anthrax 
was actually the etiological agent of this disease. He succeeded in iso- 
lating the organism in pure culture in sterile vitreous humor from the 
eyeballs of cattle, passing it a number of times in the laboratory, and 
reproducing the infection in experimental animals inoculated with pure 
cultures of the anthrax bacillus. This study (confirmed by Pasteur in 
1877), together with one on the microbial causes of wound infections 
reported in 1878, Koch’s discovery in 1882 of the tubercle bacillus, and 
the demonstration that it is the causative agent of tuberculosis, firmly 
established the theory that a particular infection is induced by a specific 
organism. In the study of tuberculosis Koch set forth his famous postu- 
lates, which should be fulfilled if an organism is to be definitely consid- 
ered as the causative agent of a disease. These, in essence an amplifi- 
cation of the reasoning of Henle, one of Koch’s teachers, may be stated 
as follows: 


1. The organism must be present in all cases of the disease 
2. The organism must be isolated and cultivated in pure culture 


3. The specific disease must be induced in susceptible animals following the injection 
of the pure culture 


4. The organism must be present in typical distribution in, and be recoverable from, 
the experimental host 


During this time and in the next few years Koch and other workers 
introduced a variety of technical methods for the study of microorgan- 
isms, and these, together with the impetus provided by the earlier ob- 
servations of Koch and of Pasteur, were responsible for rapid progress in 
the isolation and identification of various microorganisms as the causative 
agents of a wide variety of infectious diseases of both plants and animals. 
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At the same time it became apparent that certain diseases are caused by 
factors other than microbial in origin. It is-with the causative agents 
of infectious disease, the pathogenie microbes, and their interplay with 
their hosts that we shall be concerned. 


BIOLOGICAL ASPECTS OF INFECTIOUS DISEASE 


We are apt to think of infectious diseases as states peculiar to our- 
selves, and incidentally to other forms of life, and to forget the broader 
biological principles involved. Predatory forms of life prey upon other 
animals for nourishment, and this is considered a normal event in nature. 
Likewise the consumption of plants is regarded by the consumer as a 
beneficial process, but would this concept be shared by the plant or 
animal consumed? The main object of life of a nonthinking organism 
appears to be maintenance of self, i.e., avoiding enemies if possible, secur- 
ing sufficient food, and reproducing the species. 

A parasite is an organism which resides on or within another living 
organism, the most successful parasites achieving a balance with the host 
in which survival, growth, and reproduction of both does occur. We have 
seen that both participants in such a symbiotic, parasitic relationship 
ean be of marked aid to each other, e.g., termites and their intestinal 
protozoa which digest cellulose. Neither can live without the other. Less 
dependent relationships are noted between man and his intestinal flora 
Escherichia coli, for example, contributing little to its host and even 
under some conditions exerting a pathogenic effect in man, generally as 
a secondary invader or opportunist. Changes in the intestinal flora in- 
duced by chemotherapeutical or other agents may, however, result in 
marked discomfort to the host. Other parasites of man may be truer 
commensals, particularly those living on the skin or on membranes of 
the respiratory tract and contributing little or nothing to their host. Such 
parasites may be facultative ones or they may be obligatory parasites. 

The aim of parasitic life is similar to that of predatory life, an attempt 
to secure a supply of food under environmental conditions suitable for the 
maintenance of the species. It has been postulated that the parasites 
originated from saprophytic ancestors which in the course of time became 
adapted to growth on the dead tissues of another organism. In the 
course of evolution by adaptation, the parasite finally became adjusted 
to growth on or in living tissues and lost many of the powers of synthesis 
possessed by its ancestors. This loss of synthetic powers appears to 
reach its extreme in the case of the filtrable viruses, it having been sug- 
gested that these agents “borrow” certain characteristics of life from the 
cells which they parasitize. Hence the parasite becomes more or less 
dependent upon its host, frequently a specific one, and this devendence 
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in some instances is a skillful one, while in others the parasite is a bungler 
and produces such an amount of destruction frequently in a short time 
that it destroys its host. Not only must there be a specific host, or host 
range, but there must be, for the parasite, suitable portals of entry and 
of exit from the host and also an effective mechanism for the transmission 
of the parasite to uninfected hosts, if the parasite is to survive. 

Bacteria, or other microorganisms, may be parasitic on the body sur- 
faces, external or internal, and do no damage; either they are unable to 
invade the deeper tissues, or if they do gain entrance, they are quickly 
destroyed. Some of these external parasites do at times establish them- 
selves within the host, elicit damage, and are then considered pathogenic 
parasites. Other pathogenic species may never be found on or in the 
normal body, their existence being dependent upon transfer from one 
susceptible individual to another. Still others may be pathogenic in one 
species while they grow as harmless parasites upon another host type 
and are unable to maintain themselves at all in still other species. Thus 
there is considerable host specificity manifested by many parasites, and 
this tends to be the rule amongst the pathogenic forms, suggesting a 
highly specialized adaptation to the host or host range. 

The simplest animal, an amoeba, has learned that other cells may serve 
as a source of food. Amoeba frequently flow around bacteria and then 
proceed to digest the ingested organism in a vacuole into which the amoeba 
secretes digestive enzymes. When the amoeba succeeds in converting 
the ingested bacterium into assimilable foodstuff, we consider it as a 
simple act of digestion. At times the ingested bacterium may resist 
digestion by the amoeba, and the latter generally flows away from its 
unwilling banquet. But let us suppose that the bacterium started to 
digest the amoeba rather than the reverse situation which was considered 
above. So far as the amoeba is concerned, this would represent an un- 
healthy state, an infectious disease, while from the viewpoint of the bac- 
terium it is simply an act of digestion. We see in this simple illustration 
that both offensive and defensive factors are involved in the interrela- 
tionship between unicellular forms, factors which become more compli- 
cated when a higher form of life is involved. Just as the animal preyed 
upon has certain defensive forees—cunning, camouflage, and protective 
coverings—against the predator, so likewise the host has nonspecific, and 
may develop specific, protective mechanisms or agents against the invad- 
ing parasite. The general nature of the offensive forces of the pathogenic 
parasites and of the defensive forces of the host will be summarized in the 
following sections. 

Offensive Forces of the Parasite. It was implied above that infection 
may be regarded as the establishment of one organism within the tissues 
of another with subsequent damage to the latter. It should be pointed 
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out that contamination of one organism with another does not constitute 
infection; the contaminant must become established if a true infection is 
to develop within the host. An infection may be a localized one, or the 
invading microorganism may spread through the lymphaties and the blood 
vessels to other tissues or organs of the infected host. Any organism 
which can produce an infection or infectious disease is said to be patho- 
genic or to be a pathogen. These terms imply only that the organism is 
capable of producing an infectious disease in another, without any refer- 
ence to its facility in doing so or to the severity of the resultant infection. 
The pathogen may or may not be able readily to induce an infection, and 
the infection produced can be mild or severe in character. Another term, 
virulence, is therefore commonly employed to denote a more quantitative 
measure of the ability of a pathogen to produce an infection in a definite 
host. Thus we speak of a pathogen as an organism of low, intermediate, 
or high virulence according to its ability to by-pass or overcome the 
defensive mechanisms of a specific host. Virulence is expressed at times 
in terms (LD;,) of the minimum number of organisms which, following 
introduction by a particular route into a specific host, will result in infee- 
tion and death of 50 per cent of the test animals. Both the virulence of 
the pathogenic parasite and the resistance of its host are subject to varia- 
tion, and the occurrence of infection, or of recovery therefrom, is deter- 
mined by the balance established between the offensive forces of the in- 
vader and the defensive mechanisms of the invaded. 

The virulence of bacteria depends upon two general factors: (1) their 
invasiveness or aggressiveness, the ability to invade and multiply within 
the tissues of the host with subsequent damage to the host, and (2) dam- 
age done to the host by poisonous agents, toxins, excreted by or present in 
the parasite. In the case of anthrax, for example, virulence is almost 
completely associated with invasiveness and heavy growth of the anthrax 
bacillus; in the case of tetanus, with toxin produced by the tetanus 
bacillus. which has little or no invasive power, and in still other organ- 
isms there are numerous examples of intermingling of the two factors of 
virulence. 

Invasiveness. The invasive power of microorganisms involves their 
ability to penetrate surface barriers—the intact skin and mucous mem- 
branes of the host—and to multiply within and spread through the tissues 
onee invasion has been accomplished. Certain pathogenic forms are able 
to live on these barriers indefinitely; others may be killed within a short 
period of time by materials present in the normal secretions of the skin 
or mucous membranes. Staphylococci are normal parasites on the skin 
of man, while the typhoid-dysentery group of bacteria can generally be 
recovered only during the first. few minutes after contamination of the 
skin has occurred. Many pathogenic species are never able by them- 
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selves to penetrate the epithelial barriers, and they enter the deeper 
tissues only when the mechanical or chemical barriers to their entry have 
been broken by injury, either mechanical or biological in origin. Also, 
there generally are definite vulnerable portions of the host, portals of 
entry, through which specific pathogenic microbes gain entrance to the 
deeper tissues or organs. As illustrations we might consider that the 
pneumococcus ordinarily invades the respiratory tract, the gonococcus the 
genital tract, and the typhoid-dysentery group the intestinal tract, and 
that these organisms may not be able to establish themselves if introduced 
by other routes. 

After bacteria have gained entrance to the tissues, they attempt to 
multiply therein but are opposed by defensive mechanisms of their un- 
willing host. When the invader is a saprophytic form, it is quickly 
removed and destroyed by amoeba-like cells known as phagocytes. The 
fact that pathogenic forms are, in many instances, not readily taken up 
by the phagocytes suggests that the former possess a defensive mech- 
anism against the phagocytes; in other words, this particular offensive 
force is a part of their characteristic virulence. The capsules possessed 
by pathogenic species such as the pneumococci in their smooth, virulent 
form apparently inhibit phagocytosis. Other pathogens may form chem- 
ical agents, leucocidins, which destroy the phagocytes, while still others 
liberate substances which repel the phagocytic cells, an example of nega- 
tive chemotaxis. 

Once the bacteria have passed the mechanical barriers to their entry, 
they may also encounter blood or tissue fluids which possess bacterio- 
static or bactericidal activity against various pathogens. When the 
pathogen has the ability to neutralize the inhibitory action of the body 
fluids, it would be considered as another offensive mechanism of the para- 
site. In addition, many bacteria have the ability to destroy red blood 
cells by means of a hemolysin secreted by the pathogen, and such an 
agent, if active in the body, would tend to decrease the general state of 
health of the host and render him more susceptible to invasion by the 
parasite. Also the fibrin clot, which is deposited by blood at the site of 
an injury and which serves to wall off the injured portion from the 
rest of the body, may be attacked and dissolved by fibrinolysins 
(streptokinase) produced by a variety of bacterial species, particularly 
streptococci. 

Other agents elaborated by a number of pathogenic bacteria include 
the spreading factor of Duran-Reynals and the necrotizing, or cell- 
destroying, toxins. The former has been identified as an enzyme. 
hyaluronidase, which has lytic action upon carbohydrate material 
(hyaluronic acid) found between the cells of a tissue. By its lytic ac- 
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tion, hyaluronidase may aid in preparing an intercellular pathway of 
invasion. The necrotizing toxins in some manner bring about the death 
and necrosis of the tissue cells, thereby providing dead organic matter 
which can serve as foodstuff more readily utilizable by the pathogen. 

In the above discussion only the more important agents associated with 
the virulence of pathogenic bacteria have been considered. There is no 
doubt that other agents or properties will be recognized in the future and 
that knowledge of the known factors will be enlarged and clarified. At 
the present time, it is known that these agents or properties do exist, but 
it is impossible as yet to assess their full significance in the struggle be- 
tween the invading parasite and the invaded host. It may well be that 
the enzymic composition of the parasite plays an important part in its 
aggressiveness, the nature and activity of the enzymes controlling not 
only microbie nutrition but also the formation of chemical agents which 
may be inimical to the defensive mechanisms of the host. 

Toxicity. Virulence of a parasite may also be associated with its 
ability to produce specific toxins, an ability which likewise is associated 
with the enzymic structure of the pathogenic organism. In general, the 
toxins are excreted by the cells and are found free in the medium in which 
the cells have multiplied; hence these poisons are spoken of as exotoxins. 
We have already mentioned the necrotizing exotoxins, which may aid the 
spread of the organism through the tissues. Other exotoxins are gen- 
erally not associated with invasiveness and exert their poisonous effects 
on tissues or organs remote from the site of the infection. The exotoxins 
of bacteria belong to a group of chemical agents having very char- 
acteristie properties, all being rather unstable, complex, proteinaceous 
compounds of high toxicity which is generally exhibited only after a 
characteristic incubation period in the body. This is in sharp contrast 
to the rapid action of the common poisons. After repeated inoculations 
of subfatal doses of a toxin into an experimental animal, the latter de- 
velops a specific neutralizing agent known as an antitoxin and becomes 
highly resistant to massive doses of the toxin. . 

Diphtheria is an infectious disease in which the characteristic symp- 
toms are primarily due to the exotoxin produced by the bacterium. 
Corynebacterium diphtheriae multiplies in the superficial tissues of the 
tonsils and may spread by continuity over adjacent tissues. Ordinarily 
the local infection is never extensive, and the severe nature of diphtheria 
i< associated with the action of diphtheria exotoxin, which is formed at the 
site of the infection and absorbed by the blood. It might be argued that 
toxin formation should not be considered a part of the virulence mech- 
anism of the diphtheria bacilli, since the liberation of toxin ordinarily 
results in the death of the infected individual. Possibly it should be 
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regarded as bungling on the part of the parasite, but toxin formation does 
contribute to the diseased state and is therefore commonly included in 
a discussion of virulence. 

As a rule, those bacteria characterized by exotoxin production show 
very little invasive power and usually multiply only to a limited extent 
within the body. Those pathogenic bacteria which do not form exotoxins 
ordinarily give rise to more extensive invasions of the host and multiply 
to a much greater extent within the tissues when the infection is a severe 
one. The actual presence of large numbers of bacteria within the body 
tissues or fluids appears to be a prime factor in the production of injury 
by certain pathogens, and in fact in some instances the bacteria need not 
be alive. Intoxication or death may follow the injection of suspensions 
of dead bacteria. This was commonly explained on the assumption that 
organisms undergo disintegration within the body with liberation of toxic 
materials known as endotoxins. These rather hypothetical substances 
are not as toxic as the exotoxins, in general are not capable of eliciting 
antitoxin production, and are probably not preformed agents within the 
bacteria but rather cellular degradation products produced therefrom. 
In the case of the typhoid bacillus and many other gram-negative bac- 
teria, the toxic agent appears to be a carbohydrate-lipoid complex in 
association with bacillary protein. 

Variations in Virulence. The virulence of pathogenic bacteria is sub- 
ject to variation. When a particular species is passed a number of times 
in laboratory media, its virulence tends to decrease and may ultimately 
disappear, the original parasite becoming primarily saprophytic in char- 
acter. Only those bacteria best suited for growth on laboratory media 
tend to survive. On the other hand, transfer from a culture to a sus- 
ceptible animal tends to aid the organism in maintaining its virulence. 
Frequent transfer from one animal to another of the same species may 
enhance the virulence of the organism for that animal species. Virulence, 
as far as species specificity is concerned, may also be altered on passage 
from one animal species to another. A bacterium pathogenic for rabbits 
may not be markedly virulent for guinea pigs on first inoculation into the 
pig, but on repeated transfer from pig to pig, virulence may be enhanced 
for the guinea pig and be decreased for the rabbit. This phenomenon of 
enhanced specificity for a particular host is more pronounced with the 
filtrable viruses than with the bacteria. Virulence is not a property of 
the pathogenic parasite alone but is also associated to a considerable ex- 
tent with the nature of the host. Virulence must not be considered as a 
permanent intrinsic property of the species; it is subject to variation and 
is actually only a relative expression of the ability of a particular strain 
of the infectious agent to produce an unhealthy state in a specific host 
under a definite set of conditions. Variations in virulence markedly in- 
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crease the difficulties encountered in the study of infectious diseases and, 
together with variations in the resistance of a host species, introduce 
variables which are difficult to control in experimental studies. In the 
broadest biological sense these variations are simply examples of the 
ability of an organism to adapt itself to changes in its environment, 
whether the adaptation occurs by changes in enzymic pattern, by altera- 
tions in cell structure, composition, or function, by the selection of strains 
best suited for growth under a given set of conditions, or by unknown 
mechanisms. Selection of mutants best adapted to the environment ap- 
pears to be the major factor. 

Defensive Forces of the Host. We have considered that an infectious 
disease is the result of a struggle between a parasite and its host. This 
struggle implies that the parasite has not successfully adapted itself to 
the host species and that the host has certain defensive mechanisms 
against the parasite. Many potential hosts for lower organisms do not 
provide a suitable pabulum or temperature for growth of the latter, and 
adaptation never occurs. Such species are said to be naturally immune 
to particular species parasitic upon other forms of life. When natural 
immunity is a characteristic of a given species, it is frequently spoken 
of as species immunity. There is evidence that differences in immunity 
exist between different races of the same species, giving rise to racial 
immunity. There is also evidence that immunity may vary in members 
of the same race and even in the same individual with changes in age, 
nutrition, mode of living, or general state of health. This suggests that 
immunity is not an absolute state and that it must be considered as 
ranging from complete resistance against a lower organism to a degree 
of resistance only slightly greater than that normally possessed by the 
species. We cannot consider these various ramifications of immunity or 
resistance in a text on general bacteriology and shall devote our con- 
sideration to the general lines of resistance or defense of a host against 
a species pathogenic for it. 

The First Line of Defense. In previous remarks, various defensive 
mechanisms of the host were mentioned in connection with the disecus- 
sion of the offensive forces of the parasite. At this time, let us consider 
the defensive forces of the host from the viewpoint of the host rather 
than of the parasite. Most bacteria are unable to establish themselves 
on the skin and mucous membranes, which constitute the first line of 
defense of the body against invasion by foreign matter. The environ- 
ment is not suitable for them. Furthermore, the intact skin and mucous 
membranes serve as mechanical barriers and may be aided at times by 
natural secretions exerting bacteriostatic or bactericidal activity. Re- 
flexes of various sorts may also serve as a defensive mechanism, sneezing 
expelling foreign matter from the nostrils, vomiting expelling irritating 
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matter from the stomach, and diarrhea serving 2 similar function in the 
removal of toxic matter from the intestinal tract. A few microbes have 
developed the ability to evade the protective devices, but for the most 
part the latter are successful in the prevention of infection by the count- 
less contaminants to which the body is exposed during the life of the 
individual. 

The Second Line of Defense. Once a contaminant has successfully 
passed the first line of defense, either by means of its own offensive forces 
or by taking advantage of breaks in 
the external defenses, it is subject 
to attack by fixed or wandering 
phagocytic cells of the body. These 
cells, possessing the ability to engulf 
and to digest foreign matter, consti- 
tute the second line of defense. The 
protective mechanism, phagocytosis, 
which they exert was first observed 
by Metchnikoff, a colleague of Pas- 
teur, in 1884. Metchnikoff observed 
that Daphnia, a transparent “water 
flea” which was present in his aquar- 
iums, frequently ingested small, thin, 
pointed spores of a fungus also pres- 
ent in the aquariums. The spores 
could be observed in the digestive 
Fic. 20-1. Elie Metchnikoff, founder of eee as hein pasts ane ere: 
the cellular theory of immunity. nikoff noted that occasionally the 

spores penetrated the walls of the 
digestive system, entering the deeper tissues of the water flea. Here they 
were engulfed by certain wandering cells which he called phagocytes 
(cells which devour) and which ordinarily destroyed the fungus spores. 
But on occasion these spores did germinate within the phagocyte, destroy 
the latter, and in time bring about death of the flea—again an act of 
digestion, or an infectious disease, depending on whether the point of 
view is that of the fungus or of the crustacean. 

Metchnikoff had the brilliant idea that similar cells, either free or 
fixed, in the animal body could ingest foreign matter including invading 
microorganisms and remove or destroy the invader. These observations 
led to the development of the cellular theory of immunity, in which it 
was postulated that resistance to an invading organism depends pri- 
marily on phagocytic activity, the animal being considered immune if its 
phagocytes were capable of ingesting and destroying the invading or- 
ganism. Failure of the phagocytic system would lead to development 
of the invader and the establishment of an infectious disease. 
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Most of the infections which remain localized illustrate the action of 
this second line of defense. Micrococcus pyogenes var. aureus lives as 
a harmless parasite on the skin of man but may gain entrance to the 
body through a scratch or other injury, and thereby the deeper tissues 
become contaminated. When these staphylococci multiply and establish 
themselves within the injured tissues and in the blood clot, an infection 
is established. The edges of the affected area exhibit slight redness, 
localized swelling is observed which becomes more pronounced with time, 
and the area becomes painful to touch. The site of injury also fills with 
pus, a yellowish exudate containing numerous phagocytic cells. Nor- 
mally the redness, swelling, tenderness, and pus disappear with time, as 
the staphylococci and cellular debris are removed by phagocytic action 
and normal tissue repair occurs. Occasionally the staphylococci will 
penetrate deeper into the tissues and may spread through the body, pro- 
ducing a generalized infection. What happens during the course of the 
infection? 

As the staphylococci multiply, they obtain nutrients from the tissues 
of their unwilling host, generally from damaged cells, from the blood clot, 
and from tissue excretions at the site of the wound. Conditions for 
multiplication are favorable, and the invading parasite takes advantage 
of its opportunities, employing the offensive factors, such as the libera- 
tion of substances which injure or kill adjacent tissue cells, which it 
possesses. 

As a result of the injury and infection, the tissue cells recognize the 
presence of material foreign to themselves, “not self” in the terminology 
of Burnet, and attempt to counteract the presence of the foreign ma- 
terial. The tissues liberate chemical substances (such as histamine) 
which cause the blood capillaries supplying the area of the wound to relax, 
thus inducing greater blood flow to the area with consequent reddening. 
Relaxation of the capillaries renders them more porous, and additional 
fluids seep from them into the affected area producing a swelling. At 
the same time the phagocytic cells (also called leucocytes, or white blood 
cells) pass through the walls of the capillaries and migrate to the site of 
the infection, probably being attracted to the site by chemical agents 
liberated by the injured tissues. Such an attraction is spoken of as posi- 
tive chemotaxis and is the opposite of the behavior exhibited by virulent 
bacteria possessing the ability to repulse phagocytic cells. The general 
type of response, as considered above, of the host to the presence of for- 
eign matter is known as inflammation, or the inflammatory process, and 
ean be considered as a defensive mechanism, part of the second line of 
defense. 

The dead tissue cells tend to assume properties of not self and are soon 
engulfed by the phagocytes, which at the same time tend to wall off the 
living tissue from the injured portion. Behind this barrier, normal tissue 
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cells attempt to repair the damage caused by the mechanical injury and 
that produced by bacterial action. The phagocytes also attempt to en- 
gulf and digest the invading bacteria, but in this biological warfare the 
latter resist phagocytic action to the best of their ability. Microscopic 
observation of the pus at this time would show that it consists primarily 
of bacterial cells and phagocytes, many of which.may have been de- 
stroyed in the struggle. Highly virulent staphylococei may succeed in 
penetrating the phagocytic barrier and invade deeper tissues, particu- 
larly the lymph glands. The struggle for existence on the part of the 
parasite and of the host continues, with other types of phagocytic cells, 
generally ones fixed in the tissues rather than being free in the blood 
stream, entering the combat. The outcome of the struggle depends to 
a great extent upon the relative values of the offensive forces of the 
parasite and the second line of defense of the host, the phagocytic system. 

The Third Line of Defense. In pneumococcal pneumonia we might 
observe a sequence of events similar to that outlined for a staphylococcal 
infection. As the infection continues in the lungs, the struggle reaches 
a crisis followed by death or by recovery of the stricken individual. 
What was responsible for recovery from an untreated pneumococcal in- 
fection? 

Early in the course of the disease, microscopic observations would in- 
dicate that the pneumococci were relatively resistant to phagocytosis. 
Virulent strains of pneumococci are encapsulated, and we have seen that 
the possession of a capsule by these forms appears to inhibit phagocy- 
tosis. The capsular material may be somewhat similar to tissue material 
and as a result interferes with “self—not self” determination on the part of 
the phagocytes, a conjecture, to be sure, but possibly one of the many 
factors involved in the interrelations between parasite and host. About 
the time that improvement is noted in the stricken individual, it can be 
demonstrated that the phagocytes readily ingest the pneumococci. Why? 
Have the pneumococci, the phagocytes, or both undergone change, or are 
still other factors involved? : 

Suppose that there is available a quantity of phagocytes, of the pneu- 
mococci responsible for the infection, and three samples of serum (the 
clear liquid obtained after the blood has clotted) from the diseased per- 
son; one sample of serum obtained before the infection, one taken early 
in the course of the disease, and the third after recovery was under way. 
It could be demonstrated (see Fig. 20-2) that the phagocytes do not 
readily engulf the pneumococci in the presence of serum taken before or 
early in the course of the infection. Phagocytosis does occur when ma- 
terial from the same samples of phagocytes and of pneumococci are 
mixed with serum obtained at or after the crisis in the course of the dis- 
ease. This would suggest that an agent which stimulates phagocytosis 
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Fic. 20-2. Influence of immune serum (antibodies) on phagocytosis: (A) phago- 
cytes + immune serum + pneumococci; (B) same as (A) except that normal serum 
was substituted for immune serum, and phagocytosis is not noted. (Courlesy of 


S. Raffel.) 


is present in the blood of the individual recovering from pneumonia. 
This conclusion would be further supported by the demonstration that 
there had been no detectable change in the activity of the pneumococci 
or of the phagocytes of the individual during the course of the infection, 
when the phagocytes were tested in the presence of normal serum. The 
only variable in the experiments, therefore, is in the nature or composi- 
tion of the individual’s blood. Other evidence indicates that a chemical 
agent (or agents) is formed by the host during the course of the infection, 
that this agent reacts specifically with the pneumococci, and that as a 
result of this reaction the bacteria become susceptible to phagocytosis. 

This discussion of pneumococcal pneumonia illustrates in a general 
manner the course of events in a fairly typical infectious disease, with 
particular reference to the third line of defense involving the formation 
during the course of the infection of an increased and specific resistance 
of the host to the infectious agent. How did the modern ideas of im- 
munity, an increased resistance of a host to a parasite, originate and 
develop? 

Development of the Science of Immunology. Long before it was dis- 
covered that bacteria and other microorganisms may cause infectious 
disease, it was recognized that people vary in their susceptibility, 1.e., 
their resistance to disease. It was also recognized that individuals who 
had recovered from certain diseases were generally not again susceptible 
to the same ailment. This was particularly true of infections such as 
measles, scarlet fever, and smallpox. Centuries ago the Chinese observed 
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Fic. 20-3. Edward Jenner, discoverer of a method for immunization against smallpox. 


that individuals inoculated with material obtained from smallpox lesions 
generally developed a mild localized infection and became resistant to 
the more generalized type of infection. Jenner in 1796 observed that 
English dairymaids who had contracted cowpox (vaccinia), a mild, small- 
pox-like disease, from cattle were subsequently immune to true small- 
pox (variola). He inoculated fluid from cowpox blisters into children 
and noted that they developed a mild localized form of cowpox, at the 
same time becoming resistant to smallpox. The introduction of vaccina- 
tion as a preventive measure against a specific disease occurred long 
before the germ theory of disease had been established, but this early 
work did suggest that a specific material might be the cause of a par- 
ticular disease and that the body can develop an increased resistance to 
the development of the disease. 

By 1880 it was recognized that chicken cholera is caused by a bac- 
terium now known as Pasteurella multocida. Pasteur observed that this 
organism did not multiply in sterile urine or yeast water, media favor- 
able for the growth of the anthrax bacillus, while it did multiply in 
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chicken broth. Reasoning by analogy he concluded that this behavior 
might be representative of what happens when a harmless microbe enters 
the body, it being harmless because conditions are not suitable for its 
growth. He also observed that the smallest drop of a culture of this 
organism on bits of food was sufficient to produce the disease in the 
chicken. Guinea pigs, on the other hand, were quite resistant to the 
organism and developed only a slight abscess at the site of inoculation 
of the bacteria. However, food contaminated by material from the ab- 
scess was highly infectious for chickens and rabbits. This was an early 
observation of native species immunity and an important contribution to 
the science of public health, leading to later observations that one species 
may harbor a parasite with little or no harm to itself and serve as a pos- 
sible reservoir for the dissemination of the organism to susceptible hosts. 

Of still more importance was the observation that chickens inoculated 
by chance with an old culture of P avicidia developed a mild form of 
chicken cholera from which they speedily recovered, and at the same 
time they became highly resistant to subsequent infection with young, 
virulent cultures of the same organism. Subsequent observations showed 
that the virulence of this organism gradually decreased as the age of the 
culture increased, oxygen apparently being involved in the attenuation 
process. Pasteur then proceeded to develop “vaccines” for the immuni- 
zation of chickens against chicken cholera. He recognized the similari- 
ties in this process of immunization and that earlier introduced against 
smallpox by Jenner and developed the hope that it would be possible to 
reduce artificially the virulence of all infectious agents to such an extent 
that they could be employed for immunization purposes. Pasteur was 
successful in attenuating both Bacillus anthracis by repeated transfers of 
the organism at 42°C. and the virus of rabies by passage of the virus 
through rabbits and desiccation of their infected spinal cords for different 
periods of time, and was able to develop methods of employing these 
attenuated agents for the purpose of immunizing susceptible animals 
against the virulent form. In time, other methods for attenuating patho- 
genic forms were developed, and it was also noted that suspensions of 
killed bacteria were of value as immunizing agents in some instances. 
In 1890 Behring and Kitasato observed that animals may be artificially 
immunized against diphtheria toxin by repeated injections of sublethal 
doses of the toxin. Immune sera from these animals neutralized diph- 
theria toxin in the test tube or, when injected into a susceptible animal, 
would protect it against the subsequent injection of Jethal doses of the 
toxin. This suggested a possible therapeutic use for diphtheria anti- 
serum, and Behring first employed the antiserum (a serum containing 
neutralizing substances, antibodies, against a specific substance or cells) 
as a therapeutic measure on Christmas eve, 1891. 
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In the period 1888 to 1890, Nuttall in England and von Fodor in 
Germany reported that defibrinated bloods frequently had some bac- 
tericidal action which appeared to be destroyed on heating at 60°C. 
These observations were confirmed in 1889 by Buchner, who regarded the 
germicidal property of blood as due to the presence of a thermolabile 
substance which he named alezin. Observations of this nature led to 
the development of the humoral concept of immunity, a concept that 
increased resistance is brought about by protective substances, anti- 
bodies, produced by the body and 
present in its circulating fluids. The 
nature of these humoral forces began 
to be evident with the studies of 
Pfeiffer in 1894, of Bordet in 1898, 
and of Ehrlich in the early 1900's. 
Ehrlich’s contributions were prima- 
rily the introduction of quantitative 
methods and the development of 
theories concerning mechanisms of 
formation and of reaction of anti- 
bodies. His ideas were of consider- 
able importance in the development 
of immunology, and since they were 
primarily on mechanisms of reac- 
tion, they will not be considered 
here. 

Pfeiffer, in 1894, observed that 
guinea pigs which had recovered from 
experimental cholera were resistant 
to subsequent intraperitoneal inoculations of the infectious agent, Vibrio 
comma, and that these bacteria were rapidly destroyed in the peritoneal 
cavity. Inoculations of the same numbers of bacteria from the same 
culture into normal guinea pigs resulted in little or no destruction of the 
vibrios, and the animals contracted cholera. Pfeiffer made three obser- 
vations fundamental to our modern concepts of immunology: (1) the 
immunity developed in guinea pigs which recovered from cholera was 
specific against the cholera vibrio, (2) this antibacterial immunity could 
be transferred to normal animals inoculated intraperitoneally with im- 
mune serum and virulent bacilli (transfer of immunity first observed 
by Behring and Kitasato with antitoxins), and (3) while either heated 
or unheated immune serum was effective as a protective agent in vivo, 
the heated serum was not bactericidal in vitro. This suggested that 
two agents were involved, one heat-stable and the other heat-labile. 





Fic. 20-4. Paul Ehrlich, early student 
of immunology and chemotherapy. 
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Pfeiffer’s studies were confirmed by Bordet in Pasteur’s laboratory in 
1898. Bordet extended these observations and demonstrated that un- 
heated immune serum would specifically lyse cholera vibrios in hanging- 
drop preparations while the same serum heated at 56°C. for thirty min- 
utes had no effect other than causing the bacteria to clump together. 
Addition of fresh normal serum to the latter mixture induced dissolution 
of the cells. Bordet concluded that heat-stable agents, which exhibit 
specific combining power for the cells against which they are formed, 
appear in the blood stream during the course of an infection. These 
immune bodies (antibodies) react with the bacteria against which they 
were formed and render the latter susceptible to the bactericidal and 
lytic power of a heat-sensitive agent, apparently the alexin of Pfeiffer, 
normally present in blood. Since this agent augments the action of the 
immune body, Ehrlich proposed the name complement as indicative of 
its action, and this term is commonly employed at the present time. 

During the same period other observations on humoral aspects of 
immunity were made which laid the foundation for the science of immu- 
nology, a science closely allied with the field of medical bacteriology. In 
1895 Denys and Leclef observed that phagocytosis of a particular species 
of bacteria was enhanced by the addition of antiserum developed against 
that organism, while Wright in 1903 demonstrated that the action of the 
immune serum was directed against the bacteria rather than against the 
phagocytes. He named the immune body opsonin, the word literally 
meaning to prepare food. In 1896 Gruber and Durham reported that 
immune serum added to a suspension of the bacteria against which it had 
been developed caused the cells to clump together, or agglutinate. Widal, 
in the same year, independently demonstrated that the agglutination re- 
action could be employed for the diagnosis of typhoid fever, serum from 
typhoid patients possessing the ability to agglutinate typhoid bacilli. In 
the following year, 1897, Kraus demonstrated that immune serum reacts 
specifically either with bacterial cells, causing them to clump together, or 
with proteins extracted from the same species of bacteria, precipitating 
the proteins from solution. The nature of the various reactions and 
reagents mentioned above will be discussed in Chap. 21. 

The various observations on the nature of immunity and of the im- 
mune reactions around the beginning of this century made evident that 
both cellular and humoral factors are involved in the defense of the host 
against a parasite or its deleterious products. The phagocytic system 
constitutes the second line of defense of the body, while the specifically 
acquired immune responses constitute a third protective mechanism, are 
aided at times by complement, and help the phagocytic systems in the 
disposal of the pathogenic agent. The exact role of the circulating im- 
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mune bodies in defense of the host is unknown, There is also evidence 
which suggests that specific local tissue immunity may play a role in the 
defense of the host. 

Immunization. We have considered that the third line of defense be- 
comes active during the course of an infection or that it can be stimulated 
into specific activity by the injection of attenuated or killed organisms 
or their specific products such as exotoxins. Agents which can be em- 
ployed for the artificial production of the immune state are popularly 
called vaccines, although strictly speaking the terms vaccine and vacci- 
nation refer only to the material and procedure employed in immuniza- 
tion against smallpox. In immunology the term vaccine is commonly 
employed for suspensions of attenuated or killed organisms employed as 
immunizing agents. It must be borne in mind that the vaccine or im- 
munizing agent does not of itself produce increased resistance on the part 
of the host. The material inoculated into the individual animal stimu- 
lates the animal to produce for and by itself substances which will neu- 
tralize the complex material, ordinarily proteinaceous, of which the im- 
munizing agent is composed. The body itself builds up specific defense 
substances, antibodies, against the pattern presented by the particular 
immunizing agent. The production of increased resistance, either as 
a result of having the actual infection or of being inoculated with attenu- 
ated material, is spoken of as active immunization. Temporary immuni- 
zation against a number of infectious agents may be accomplished by 
the injection of antibodies produced by and present in the serum of an- 
other animal which had been actively immunized or has had the infee- 
tion. The injected animal has not itself produced the antibodies involved 
in this protection, and therefore this means of establishing increased 
resistance is spoken of as passive immunization. Such immunization is 
temporary in character, as the injected antibodies disappear in a few 
days or weeks. The antibody-containing serum employed in passive 
immunization is known as an antiserum and is generally named after the 
material against which it was produced, as, e.g., diphtheria antiserum or 
diphtheria antitoxin. Antisera contain neither microorganisms nor their 
toxins but instead antibodies preformed against these agents. Today 
children usually are actively immunized against diphtheria with diph- 
theria toxoid, but a person exposed to diphtheria can be passively im- 
munized with antiserum as a protective measure. 

Passive immunization is of value in the attempted prevention of the 
development of certain infectious diseases after exposure to the infectious 
agent. The results of passive immunization on the whole have not been 
too encouraging. Antisera have been employed with success as thera- 
peutic agents, particularly in the treatment of diphtheria, pneumococcal! 
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pneumonia, and epidemic meningitis, and have proved to be of some 
value in’ the prevention or treatment of tetanus, gas gangrene, botulism, 
measles, and certain streptococcal infections.. Antibodies are present in 
the gamma globulin fraction of serum, and gamma globulins are often 
employed instead of whole serum. 

Active immunization, vaccination in the popular sense, is most success- 
ful against those agents responsible for infections which leave a lasting 
immunity. It is of less value for general use against infectious agents 
which do not elicit the establishment of a lasting immunity in the host, 
although it may be worth while against infections such as influenza when 
these appear in epidemic form. Information is scarce as to why certain 
infections are followed by relatively permanent immunity, others are fol- 
lowed by only a temporary period of increased resistance, and still others 
by no appreciable change in resistance against the specific etiological 
agent. In the case of diseases of man, the use of vaccines is relatively 
limited, much to the disappointment of early workers in immunology who 
predicted that it might be possible, to immunize against the majority or 
all of the common infectious diseases. It should be remembered that im- 
munity is a relative condition and not an absolute one, the immunized 
individual frequently possessing a resistance greater than that of the 
nonimmunized person. Immunization is extremely valuable against 
smallpox, diphtheria, and tetanus and should be employed against ty- 
phoid, cholera, influenza, yellow fever, typhus fever, poliomyelitis, and 
certain other less common infections in areas where these diseases are 
present in endemic or epidemic form. It should be remembered that im- 
munity is not established at once following the one or more injections of 
the immunizing agent, since time is required for antibodies to be formed 
in suitable concentrations. As a rule, active immunization is of no value 
as a therapeutic measure and should be initiated before exposure occurs. 
An apparent exception is rabies, against which immunization is initiated 
after exposure has occurred. Actually immunization against rabies is a 
prophylactic measure which takes advantage of the fact that considerable 
time may be required for the virus to pass from the area contaminated 
by the bite of a rabid animal to the brain and spinal cord. Immunity is 
generally established between the time that the individual is contaminated 
with the virus and before the general infection can be established. 

Types of Immunity. We have seen that immunity can be classified 
into two general types, natural immunity and acquired immunity. Nat- 
ural immunity is that resistance or nonsusceptibility normally possessed 
by inheritance and is independent of antibodies, being based on the failure 
of certain biological groups to serve as suitable hosts for microorganisms 
pathogenic for other groups. The extent of natural immunity may vary 
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from species to species, may vary among races of the same species, and 
may vary from individual to individual or in the same individual. Ac- 
quired immunity may be subdivided into naturally acquired immunity 
and artificially acquired immunity. Naturally acquired immunity 1s that 
resistance developed as a result of having had a particular infection. 
Artificially acquired immunity is established either actively, following the 
use of attenuated or killed organisms or their exotoxins, or passively, by 
the injection of antibodies. The immunity against various infections 
which is possessed by infants might appear to be of the naturally acquired 
type but is actually an example of passively acquired immunity, anti- 
bodies passing from the mother to the developing fetus. Immunology, 
strictly speaking, cannot be considered a part of the subject matter of 
general bacteriology since it deals to a great extent with the reactions of 
a host rather than of the parasite. However, the nature of the microbe or 
its products plays such an important part in the eliciting of the immune 
response that space was devoted to a consideration of the general princi- 
ples of this science. Moreover, studies of the reactions between bacteria, 
or their constituents, and antibodies formed against them have contrib- 
uted markedly to knowledge of the antigenic composition of bacteria. 
These reactions, commonly considered under the general term of serology, 
will be considered in the following chapter. 

Hypersensitivity. We have been considering the antigen-antibody 
reactions as protective mechanisms, but we now turn to an immunological 
paradox, allergy or hypersensitivity. The injection of an antigen may 
cause an animal to become sensitive (hypersensitive) to that antigen, and 
on subsequent injection of the same antigen, no matter how innocuous 
it may be, the animal may react as though a violent poison had been 
injected. 

In the earlier days of antitoxin therapy, in a few instances the patient 
suddenly collapsed or died following injection of the antitoxin. Investi- 
gation of this phenomenon proved that it was independent of the antitoxin 
content of the serum and was due to a peculiar sensitivity of the individual 
to the normal serum proteins which were injected along with the anti- 
toxin. With improved methods for the purification of antitoxin such 
untoward reactions have become very rare. 

Studies on the mechanism of this reaction brought attention to a wide 
variety of different, but closely related phenomena. Knowledge of these 
reactions is incomplete and is hampered by a confused terminology. The 
terminology employed here is representative rather than what might be 
considered best by many workers. The term allergy means altered reac- 
tion and is used more or less synonymously with hypersensitivity. Under 
this general term are included at least five different types of altered reac- 
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tivity (as compared with the response of a normal individual): atopy, the 
idiosyncrasies, anaphylasis, serum sickness, and allergy of infection. 

By atopy is meant an apparently hereditary, or at least inborn, tendency 
toward hypersensitivity to certain substances, a state which cannot be 
produced experimentally. Hay fever, rose fever, and susceptibility to 
many pollens appear to be such conditions. Asthma is another atopic 
condition generally caused by animal danders, mold spores, and other 
proteinaceous materials floating in the air. Hypersensitivity to food, re- 
sulting in digestive disturbances and hives following the ingestion of the 
foodstuff to which the individual is sensitive forms a third type of atopic 
hypersensitivity. Poisoning induced by the toxic principles of poison oak 
or poison ivy and the violent response of some individuals to medicinal 
doses of a particular drug are classed under the idiosyncrasies, rather than 
as atopies, along with idiosyncrasies to particular foods, if these altered 
reactions are the result of exposure to the agent and if inherited suscepti- 
bilities are not involved in the individual’s response to the agent. Infor- 
mation concerning these types of hypersensitivity is rather confusing and, 
since it has little to do with the bacteria, will not be discussed further. 

Anaphylaxis. When one injects a guinea pig with a minute amount of 
an antigen such as egg white and makes a second injection about two 
weeks later, this second injection will immediately be followed by marked 
reaction on the part of the pig and usually results in sudden death of the 
animal, an example of true anaphylaxis. The essential requirements for 
the production of anaphylaxis or anaphylactic shock are a preliminary 
injection of a sensitizing dose of the antigen, which during a period of in- 
cubation elicits the formation of the hypersensitive state, and the injec- 
tion of a second dose of the same antigen at a later date into the sensitized 
animal. The symptoms of anaphylaxis are the same regardless of the 
substance employed to induce the shock, but the reaction is as specific as 
any of the antigen-antibody reactions. 

Other animals may show similar anaphylactic reactions although the 
symptoms vary from species to species, since the reaction appears to take 
place primarily in collections of involuntary or smooth muscle, the loca- 
tion of the most reactive muscles being different in different animal species. 
The sensitized state may also be induced by passive sensitization, 1.e., the 
injection of serum from a hypersensitive animal into a normal animal. 
Considerable evidence points to the probability that anaphylaxis is the 
result of an antigen-antibody reaction generally occurring in the tissues 
rather than in the blood stream, and that histamine, or histamine-like 
substances, are liberated as a result of the reaction. The symptoms of 
anaphylactic shock are ascribed to the liberation of this substance or 
substances within the tissues. The same concept holds for animals that 
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are passively sensitized, it being assumed that the antibody is taken up 
by tissue cells. Individuals who exhibit true hypersensitivity of this char- 
acter can generally be desensitized by repeated, frequent subcutaneous 
injections of minute amounts of the antigen. 

Those occasional cases of death following the second administration of 
an antitoxin or antibacterial serum prepared in a horse or other animal 
were probably an anaphylactic response, the individual apparently having 
been sensitized by the original injection of the animal serum. There 
occurs more frequently another type of reaction called serum sickness, 
which fortunately is much less serious although it may be highly uncom- 
fortable to the individual. It appears not immediately, but about ten 
days after the injection of the antiserum, and the symptoms are those of 
a fever together with an itchy rash, hives. The incubation period for the 
development of serum sickness is about the same as for the development 
of anaphylactic sensitization, and the two phenomena appear to be simi- 
lar but not identical with each other. 

Allergy of Infection. By allergy of infection is meant the hypersensi- 
tivity induced as a result of having had a particular infection. When 
tuberculin, an extract prepared from old cultures of the tubercle bacillus, 
is injected into a tuberculous guinea pig a reaction unlike anaphylaxis 
occurs, the animal after a few hours becoming ill and growing progressively 
weaker until, if the dose is large enough, death results, generally in 12 to 
48 hours. No reaction is noted when tuberculin is injected into a normal 
guinea pig, showing that the tubercular animal had been sensitized during 
the growth of the tubercle bacilli in the animal. Marked reaction to 
tuberculin may also be noted in individuals who have, or have had, tuber- 
culosis. The tuberculin test is based on this phenomenon, but in order to 
prevent untoward accidents, the tuberculin is injected only into the super- 
ficial layers of the skin and only in minute amount. Results of the tuber- 
culin test are conclusive (with a few minor exceptions) only when the test 
is negative, since a positive test may result in people in which the disease 
is no longer active. The majority of adults in metropolitan areas are 
tuberculin-positive, and many of these positive reactions may be due to 
repeated exposure to tubercle bacilli with resultant sensitization. Similar 
skin tests are employed in the diagnosis of other infectious diseases or in 
the determination of the pollens or other proteins to which an individual 
is sensitive. Detailed discussions can be found in larger texts or special- 
ized monographs. Much remains to be learned about the nature and 
mechanisms of the different types of altered reactivity. 
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CHAPTER 21 


THE SEROLOGICAL REACTIONS 


The early studies in immunology indicated that antibodies are formed 
against cells or proteins foreign to the animal body when these substances 
gain entrance to the circulating fluids. The material inducing antibody 
formation against itself need not be pathogenic or toxic to the animal. 
Therefore, antibody formation is not a line of defense against pathogenic 
agents only but is actually a mechanism of broader biological significance. 

An animal may ingest a protein such as egg white, and this material is 
converted in the digestive system into materials capable of being assiml- 
lated by the cells comprising the body of the animal. The amino acids or 
other products of protein digestion are distributed in the body by means 
of the circulating fluids. Egg white itself is not a suitable food for the 
individual cells, since they lack the appropriate digestive enzymes, and it 
therefore would serve no useful purpose in the circulating fluids. Further- 
more it is such a large molecule that it would not be readily removed from 
the blood by the kidneys, and at the same time it appears to be too small 
for effective removal by the phagocytes. When injected into the tissues 
or circulating fluids, it is a material foreign to them and should be elim- 
inated. Certain tissue cells respond to the presence of this foreign ma- 
terial by forming antibodies directed against the egg white. It can be 
demonstrated in the test tube that the antibody reacts specifically with 
egg white to form complexes of egg white and antibody which settle out, 
precipitate, from solution. The nature of the reaction in the animal body 
is unknown, but there is some evidence which suggests that complexes are 
formed which can be removed by the phagocytes. 

Any substance which, when introduced into the blood or tissues of an 
animal, elicits the formation of antibodies is called an antigen. Con- 
versely, any substance which is formed as a result of the injection of an 
antigen and which will react with that antigen in a specific manner is 
called an antibody. Any complete protein foreign to the animal body and 
soluble in body fluids will act as an antigen, and there are certain complex 
lipoids and polysaccharides which also act as antigens, either by them- 
selves or, as some workers suggest, after self-coupling with a protein 
which need not be foreign to the body. 
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The most important or interesting attribute of antigens and antibodies 
is their extreme specificity. This means that an antibody will react only 
with the antigen against which it was formed or with an antigen possessing 
very similar chemical groupings on its surface. Landsteiner and others 
have demonstrated that the specificity of a protein may be altered by a 
variety of methods, particularly by the addition of various chemical 
groupings to the protein molecule. An antigen thus appears to be a very 
complex molecule, generally proteinaceous, whose antigenic specificity is 
controlled by the presence of either naturally occurring or artificially 
added surface groups. To illustrate this concept, let us consider a protein 
such as egg albumin chemically linked with molecules such as tartaric 
acid. Antibodies formed against the egg albumin-tartrate complex will 
precipitate it, but they will not react with and precipitate egg albumin 
itself. On the other hand, these same antibodies may react with any 
protein-tartrate complex, their specificity being directed primarily against 
the tartrate groups (even against an optical isomer) on the protein mole- 
cule and not against the protein itself. When the antibody is mixed with 
tartaric acid alone, no demonstrable reaction is observed, but if the pro- 
tein-tartrate complex is added later, no precipitate forms. This indicates 
that the antibody can react with tartaric acid alone. The reactivity of 
the antibody is neutralized as a result of the reaction, but the antibody- 
tartrate complex is of such a nature that no precipitate is formed, demon- 
strable antigen-antibody reactions generally being observed only when 
both antigen and antibody are relatively large molecules. Chemical 
groups which impart specificity to the antigen, which can be split off 
from the antigen, and which can by themselves react with antibodies but 
are unable to elicit the formation of antibodies are known as partial anti- 
gens, or haptens. 

It was originally believed that a single species of bacterium contained, 
or acted as, a single antigen. More recent studies show that a bacterium 
does not always react as a single antigen and that it actually contains 
more than one antigen, each usually specifically located in the cell. For 
example, the antigenic type specificity of different types of pneumococci 
is determined by the chemical nature of the capsules of the smooth, viru- 
lent forms. The avirulent or rough forms are variants which do not pos- 
sess a capsule and are then characterized by species rather than by type 
specificity, all pneumococci possessing the same cellular protein con- 
stituents. Thus, the pneumococci possess a common antigen or antigens 
in the body of their cells and type-specific haptens or antigens in their 
capsules. Antisera, to be of value as therapeutic agents, would have to 
contain antibodies against the capsular antigens. Similar complexity of 
antigenic composition and structure is noted with many bacteria. Motile 
cells of organisms such as Salmonella typhosa possess an antigen (H anti- 
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gen) in their flagella which is different from the antigens on the surface 
and in the body of the cells. Capsular and flagellar antigens are known 
as surface antigens, while those within the cell are designed as cell-body, 
somatic, or O antigens. There is evidence which suggests that nonencap- 
sulated, nonflagellated species of bacteria may have surface antigens 
which are different from their somatic antigens. 

The antigenic structure of the virulent form of an organism must be 
considered in the preparation of vaccines against that organism. Tmmu- 
nization against the somatic antigens of an organism such as S. typhosa in 
the avirulent rough form would not necessarily induce increased resistance 
against the virulent, flagellated form. Also changes in virulence and 
antigenicity may result when such an organism undergoes dissociation, 
without necessarily losing its flagella at the same time. This complexity 
of the antigenic structure of living organisms must be taken into account 
in the attempted control of the pathogenic forms by means of immune 
substances, antibodies. To confuse the situation further, the antibody 
titer (concentration as determined by highest dilution active in producing 
a demonstrable change in vitro) does not always correlate with actual 
immunity as determined by animal tests. Furthermore, a high degree of 
resistance may be established against one organism but little or none 
against other infectious agents. More information is needed concerning 
the third line of defense. Analyses of the antigenic composition of bac- 
teria are also of value in that they indicate the complex chemical com- 
position -of bacteria and also taxonomic relationships between different 
species. 

The nature of antibodies is unknown except that they are proteins and 
can be removed from the serum by precipitation with the aid of chemical 
agents which precipitate that type of protein molecule known as globulin. 
Antibodies formed against the same protein, but by different animal spe- 
cies, appear to be chemically different proteins but probably contain the 
same reacting groups, since they all react with the same substance in a 
similar manner. However, the antibody protein must as a whole be a 
protein characteristic of the animal in which it was formed, else it would 
be not-self material. 

Theories of Serological Reactions. Two general theories are sup- 
ported at the present time concerning the nature of the reaction between 
an antigen and its antibody. According to one school of thought, antigen 
and antibody combine in stoichiometrical proportions much as simple 
molecules react with each other. Both the antigen and the antibody may 
have more than one reactive group per molecule. Therefore, an antigen- 
antibody complex can react with additional molecules of either antigen 
or antibody, or both, and in that manner large unstable complexes are 
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formed which readily settle out of solution or suspension. The other point 
of view is that the antigen is adsorbed by the antibody, or vice versa, and 
that the reaction does not follow the classical laws of chemistry but in- 
stead is a colloidal chemical phenomenon in which the union follows not 
the law of definite proportions but rather the proportions of typical ad- 
sorption reactions. 

In considering the mechanism of the serological reactions, it is apparent 
that we must differentiate between the union of antigen with antibody and 
the occurrence of a demonstrable change subsequent to the antigen-anti- 
body union. Bacterial cells will unite with their antibody in the absence 
of electrolytes, but agglutination generally cannot be observed under these 
conditions. Agglutination will occur in a short period of time after the 
addition of salt to such an antigen-antibody mixture. Or, antigen and 
antibody will unite in the absence of complement, and complement will be 
fixed if added at a later time to the original mixture. In all cases the 
reaction occurs in two stages: first a primary union between antigen and 
antibody and then secondary demonstrable changes, such as precipitation 
of proteins from solution, agglutination of cells, or lysis of susceptible 
cells by complement. However, the two stages in the reaction may occur 
concurrently. 

The exact nature of antigens, of antibodies, and of the reactions be- 
tween these substances is far from being completely understood. How- 
ever, we can attempt to develop a simplified general concept of the basic 
nature of these agents and their reaction with each other, bearing in mind 
that we are dealing to some extent with ideas rather than facts. First we 
may picture both antigens and antibodies as complex protein molecules, 
each possessing a variety of chemical groupings on the surfaces of the 
molecules. There would be a characteristic distribution of positive and 
negative charges, or electrical fields of force, and of chemical groups over 
the surface of an antigen molecule, which can be schematically illustrated 


as 
Antigen 


++—-+-++-+ 





If combination of antigen and antibody occurs as a result of the neutral- 
ization of charges or fields of force, it could be conceived that antibodies 
are globulins with surface groups molded during their formation “to fit” 
their antigen, both in surface structure and electrostatic forces. This 
would give a surface which might be represented as 


——f+-—4+--+- 
Antibody 
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It is apparent that antigen and antibody would be complementary to each 
other (compared to lock and key in early studies). Antigen and antibody 
could unite in the following manner: 


Antigen 
++—-+-4+4+-+4 
i er ee 

Antibody 








and neutralization of the electrostatic forces at the combining sites would 
occur. Asa corollary of this idea, antigens (or antibodies) having prac- 
tically the same reactive groups or surface forces might unite with the 
same antibody (or antigen). Since an antigen or antibody can have more 
than one combining group, opportunity for combination with more anti- 
gen or antibody is available, and three-dimensional complexes can be 
formed. Haptens could react with antibodies in the same manner, but 
no visible reaction would be observed since the hapten contains only one 
combining group. Marrack and Heidelberger have postulated that anti- 
gens and antibodies react to form a lattice-like structure, the final product 
of the reaction between these two agents depending on the relative amount 
of each substance. This may be illustrated for multivalent antigens and 
antibodies in a two-dimensional way as in Fig. 21-1. Precipitation or 
agglutination would be observed only in mixtures in which neither reagent 
was present in marked excess. Electrolytes may influence the original 
union between antigens and antibodies and/or the association of these 
complexes to form microscopic clumps large enough to settle out of solu- 
tion or suspension. The antigen-antibody complex has surface forces so 
different from either of the original reactants that the complex is readily 
ingested by phagocytes or binds complement when the latter is present. 
Union of antigen and antibody, if the former is not present in marked 
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Fic. 21-1. Illustration of the lattice-structure hypothesis of antigen-antibody union 
based on the studies of Marrack and Heidelberger. oO represents antigen, @ anti- 
body ; A, antibody in excess; C, antigen in excess; and B, intermediate concentra- 
tions of both reagents. 
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excess, would also tend to neutralize the toxicity of antigens such as toxins 
and to form microscopic floccules or macroscopic precipitates. 

The Unitarian Hypothesis. The early workers in the field of immunol- 
ogy considered that the different antigen-antibody reactions were due to 
the presence in immune sera of separate, distinct antibodies, and therefore 
names were given to indicate the particular reaction induced by each anti- 
body postulated to be formed against one antigen. These names are listed 
in Table 21-1 together with the material eliciting the formation of the 





TABLE 21-1 
Antigen | Antibody Type of reaction 
Protein | Precipitin Precipitation 
Toxin Antitoxin Neutralization of toxicity 
Virus Antiviral Neutralization of infectivity 
Bacteria | Agglutinin Agglutination 
Bacteria | Opsonin Increased phagocytosis 
Bacteria | Bactericidin | Bactericidal 
Bacteria | Lysin Lysis 


antibody and the reaction observed directly or indirectly after mixing the 
antigen with its antibody. These reactions are schematically illustrated 
in Fig. 21-2. 

The unitarian concept, now generally accepted, implies that there is no 
multiplicity of antibodies as listed above and that instead these names 
indicate different activities of but a single antibody formed against a 
specific antigen. It should be emphasized that a different antibody would 
be formed against each antigen of a bacterial cell and that different reac- 
tions are observed when the tests are carried out under different condi- 
tions. To illustrate the unitarian hypothesis, let us consider the reactions 
between a bacterial antigen and its antibody. The bacterium would be 
killed by the antibody (bactericidin) aided by complement, and lysis of 
susceptible cells would follow. When lysis is observed, the antibody would 
be termed a lysin. In the presence of phagocytes, the antibody (opsonin) 
would enhance phagocytosis. And finally the antibody (agglutinin) 
would induce agglutination of intact cells, or it (precipitin) would pre- 
cipitate the cellular protein when the cells or cellular antigen molecules, 
respectively, are in suspension or in solution in saline. When toxins or 
viruses are employed as antigens, the reaction most commonly observed 
ie neutralization of toxicity or infectivity as determined by animal ex- 
perimentation. When bacteria are employed as the antigenic material, 
a different antibody would be formed against each antigen comprising 
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Fic. 21-2. Schematic representations of the results of different serological procedures 
Control tests with normal serum are labeled (a), the results with immune sera (b) 
(Sera heated at 56°C. to inactivate complement.) 


1. Precipitin test; precipitate formed at junction of immune serum and protein 
solution. 

2. Agglutination tests; macroscopic and microscopic agglutination of bacteria illus- 
trated. 

3. Neutralization tests; toxin, or virus, neutralized by its antibody as indicated by 
animal tests. 

4. Phagocytosis; little or no phagocytosis in the absence of immune serum. 

5. Bactericidal tesfs; upper plate count represents initial number of bacteria: middle 
after exposure to immune serum; and lower after same exposure to immune serum 
and complement. 

6. Hemolysis, red blood cells lysed in the presence of both immune serum and com- 


plement; a in this example representing either RBC + normal serum alone or + 
normal serum and complement. 
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the cell, but in ordinary in vitro tests only the surface antigen or antigens 
need react with the corresponding antibody. There are some apparent 
exceptions to the unitarian hypothesis, but these are of too technical a 
nature to consider here. Since it is convenient to study the individual 
types of reaction, the various names indicating the different types of ac- 
tivity of the same antibody are still employed. 


APPLICATIONS OF THE ANTIGEN-ANTIBODY REACTIONS 


The specificity of the antigen-antibody reactions and the rapidity with 
which they can be carried out make them valuable tools in the diagnosis 
of infectious diseases and for the identification of various bacteria and 
proteins, or even relatively simple molecules which can act as haptens. 
As far as their application to the diagnosis of infectious disease is con- 
cerned, the reactions can be employed for the identification of either bac- 
teria or antibodies against them, using a known antiserum or known 
bacterium, respectively. 

The Precipitin Reaction. When an animal is given a series of injec- 
tions of a protein foreign to the species, antibodies will be formed and 
can generally be demonstrated in the blood within 10 days after the first 
injection. The concentration of the antibody and in some instances its 
reactivity increase as the injections are continued, reaching a maximum 
value dependent on the nature of the antigen and of the immunized ani- 
mal. When serum from the immunized animal is mixed with the antigen, 
definite floccules or precipitates composed of antigen and antibody are 
formed. The reaction is a very sensitive one and can be employed to 
detect the presence of extremely minute amounts of the protein employed 
as the antigen. The sensitivity of the test is further increased when the 
solution of antigen is carefully layered over the antiserum in a narrow 
test tube, precipitation taking place in the zone of demarcation of the 
two solutions. The reaction is highly specific and can be employed to 
differentiate between closely related proteins which cannot be distin- 
guished from each other by ordinary chemical tests. 

One of the more important applications of the precipitin test is in the 
medicolegal identification of blood stains. The serum of a rabbit strongly 
immunized against human blood will form a precipitate with human blood 
in dilutions as high as 1:100,000 but not with other bloods except from 
some of the higher apes. The reaction will detect blood proteins in saline 
extracts of blood stains, even after the blood has been dry for many years. 
The reaction is actually one for human proteins, and physical or chemical 
tests would have to be employed in conjunction with the precipitin test for 
the final identification of the presence of human blood in the stain. 
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The precipitin test can also be employed for the detection of adultera- 
tion of meat products with other proteins, for the identification of type- 
specific pneumococcal polysaccharides in the urine or pneumonic sputum 
of individuals ill with pneumonia, for the detection of other bacterial 
antigens or haptens, and for the detection or identification of proteins in 
general or of antibodies against the proteins. The latter application is 
most commonly employed in detection of the syphilitic state by means of 
the Kahn test, or modifications of it. 

The Kahn Test. The Kahn test employs a suitably prepared alcohol- 
ether extract of beef heart as the antigen since this contains a material 
which, by some quirk of nature, reacts in a manner analogous to that 
which would be exhibited by Treponema pallida if it could be cultivated 
in the laboratory and used directly as the antigen. A precipitate forms 
when a properly prepared suspension of this “antigen” is mixed with 
serum from syphilitic individuals, while no precipitation occurs on mixture 
with serum from noninfected individuals. Although the test is not en- 
tirely specific for syphilis, results of tests properly carried out are reliable 
with minor exceptions for the identification of the syphilitic state. The 
actual interpretation of results of the Kahn and other precipitation tests, 
as well as of the Wassermann test, for syphilis requires a broader back- 
ground than can be developed here. 

Neutralization of Toxicity. The bacterial exotoxins are proteinaceous 
in character and act as antigens in the body. Toxin and antitoxin con- 
centrations were originally determined by toxicity and neutralization tests 
employing susceptible animals. Nicolle in 1919 observed that toxin and 
antitoxin will react in vitro with the production of a precipitate if the 
reactants are mixed in appropriate concentrations. Ramon developed 
this precipitation test into one which can be employed for the quantitative 
titration of either a toxin or an antitoxin, when the concentration of one 
reactant is known. This test is of considerable value since it can be 
carried out in a short period of time and greatly reduces the number of 
animals required for the final standardization of toxin or antitoxin. 

More than flocculation or precipitation is involved in the toxin-anti- 
toxin reaction. The reaction can occur with concentrations too small to 
form a visible precipitate; yet a lethal dose of toxin becomes nontoxic on 
admixture with antitoxin in equivalent amounts. The toxin is not de- 
stroyed and by various means (such as dilution) can be set free; 1.e., the 
reaction is a reversible one. In some manner, toxicity is masked by the 
antitoxin, and in time the toxin does appear to undergo change with actual 
loss of toxicity, the reaction no longer being reversible. Neutralization 
of toxin by antitoxin has been employed since Behring and Kitasato’s 
studies in 1891 for the specific treatment of individuals ill with diphtheria 
or tetanus. The neutralization of the infectivity of a virus may be analo- 
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gous to the neutralization of a toxin; at least the two types of antigen- 
antibody reactions have a number of characteristics in common. 

The Agglutination Reaction. The agglutination reaction is very simi- 
lar to the precipitation reaction with the exceptions that the antigen or 
antigens are bound in a large complex rather than being in solution and 
the entire cell rather than the antigen alone is involved in the clumping 
process. It was mentioned that an agglutination test was first employed 
in 1896 by Widal in the diagnosis of typhoid fever. The Widal test is 
based on the fact that antibodies against Salmonella typhosa appear in 
the blood about a week after the onset of the infection. It was at first 
believed to be a highly specific test, but subsequent observations indicated 
that the same serum might agglutinate other, ordinarily closely related, 
species of bacteria. In general, the test is diagnostic if the serum in a 
dilution of 1:80 or higher agglutinates S. typhosa, provided that the indi- 
vidual had not been immunized against this organism so as to possess 
typhoid antibodies already. Are the antigen-antibody reactions highly 
specific, and if so, what is responsible for the cross-agglutination reactions? 

When a rabbit is immunized by repeated injections of typhoid bacilli, 
a high concentration of antibodies develops in the blood stream. Agglu- 
tinin concentration is ordinarily expressed in terms of the highest dilution 
of the antiserum which will produce agglutination of a standard suspen- 
sion of the cells employed as the antigen, and a titer of 1:10,000 represents 
a very active antiserum. When such an antityphoid serum is not highly 
diluted, it frequently brings about the agglutination of closely related 
species of bacteria and results such as the following might be obtained: 


Bacilli agglutinated Antiserum diluted 


Typhoid bacilli ......... 1: 10,000 
Dysentery bacilli ....... 1:500 
@olons bacilli: 3.525 ac... > 1:100 


Results of this nature at first cast doubt on the specificity of antigen- 
antibody reactions. It was later demonstrated that cells of different, but 
closely related, species may contain one or more antigens in common, but 
not necessarily in the same concentrations or the same locations in the 
cell, and therefore an antiserum may react with closely related species of 
bacteria or with proteins of similar structure. 

For example, let us assume that the three organisms mentioned above 
each contain four antigens as listed in the following hypothetical table: 


Typhoid. bacilli -........... A: B.C; D 
Dysentery bacilli .......... BE, F, C,G 
Colon bacilli oes ey Par ey 8 


Also let us assume that the concentrations or reactivities in stimulating 
antibody production of the different antigens decrease from left to right 
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as listed above. Immunization with typhoid bacilli would elicit the pro- 
duction of antibodies a, b, c, and d, and this antiserum would strongly 
agglutinate typhoid bacteria. Since it contains a small amount (or low 
reactivity) of antibody c, the serum in high concentration would bring 
about the agglutination of dysentery cells. Antibody d is present in very 
small amount, and hence agglutination of coli is observed in dilutions of 
the antiserum no greater than 1:100. Thus we see that species specificity 
is explainable on the basis that each species of bacterium (or of blood 
proteins, ete.) contains one or more dominant proteins or haptens which 
are characteristic of that particular bacterium, while the group reactions 
can be explained on the assumption that certain less dominant antigens 
are common to a group of closely related species. 

A culture suspected of being S. typhosa, isolated from an individual 
supposedly having typhoid fever, could be identified by the fact that it 
was agglutinated by a high dilution of an antityphoid serum. But there 
might be some doubt as to the specificity of the test. It could be made 
more specific by first mixing the antiserum with suspensions of dysentery 
and colon bacilli. Antibodies c and d would react with the dysentery and 
colon organisms and could be removed from the antiserum, together with 
the cells, by centrifugation. This would leave antibodies a and b in the 
antiserum, and hence the only cells with which they would react would be 
S. typhosa. Agglutination of the cells from the culture by a dilution of 
the purified antiserum would then be highly specific for S. typhosa alone. 
Many such purified and highly specific antisera have been prepared by 
means of this technique, known as antibody adsorption. These purified 
sera are of extreme value in the identification of antigens and the deter- 
mination of the antigenic structure of microorganisms. 

The agglutination test for the detection of antibodies in a patient’s 
serum can be carried out on a macroscopic scale in the test tube or on a 
microscopic scale in a drop of serum and of known organisms. In addition 
to being of value for the detection of antibodies against S. typhosa during 
the course of typhoid fever, the test can also be employed for the diagnosis 
of paratyphoid fevers, Asiatic cholera (Vibrio comma), undulant fever 
(Brucella abortus), tularemia (Pasteurella tularensis), whooping cough 
(Hemophilus pertussis), typhus fever (with the X-19 strain of Proteus 
vulgaris as the antigen), cerebrospinal meningitis (Neisseria meningitidis), 
and occasionally a few other infections. In many instances, it is desirable 
or necessary to adsorb other antibodies by means of the agglutinin adsorp- 
tion technique to rule out cross agglutination reactions. 

The reverse test to the one just mentioned, one in which a known anti- 
serum is employed for the identification of an unknown bacterium or for 
checking the identity of a bacterium, is commonly employed in the labora- 
tory. It is of great value in identifying closely related species and types 
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within a species. Considerable care must be employed in carrying out 
agglutination tests; the use of purified (adsorbed) antiserum is to be 
recommended, and proper controls must always be included. The various 
technical factors involved in the reactions are outside the scope of this 
book. 

Another interesting application of the agglutination reaction is the one 
employed in the determination of blood groups. While this test does not 
involve microorganisms, it is of general interest in a discussion of agglu- 
tination. Earlier attempts at transfusion of blood from one person to 
another frequently resulted in severe reactions in, or death of, the trans- 
fused individual, the donor’s red blood cells being agglutinated by the 
recipient with consequent blocking of circulation of the blood. Land- 
steiner in 1900 reported the presence of two distinct antigens and of two 
corresponding antibodies in various samples of human blood. Landsteiner 
assumed, and it has been found that there are only minor exceptions, that 
an agglutinogen (antigen) and an antibody (isoagglutinin, since it reacts 
with an antigen from the same species) against it cannot coexist in the 
blood of a given individual. His findings were soon confirmed and ex- 
tended, and at the present time four distinct major blood groups, with a 
number of minor subgroups or variations, are recognized. Some confusion 
exists in the terminology of these groups, as they were classified inde- 
pendently by two men at about the same time. The Moss classification 
has been employed in the United States, but the use of a newer classifica- 
tion, the International or Landsteiner, based on the antigenic structure 
of the cells, is preferred to prevent confusion. Table 21-2 shows the corre- 
lation between the three systems of nomenclature, the isoantigens in the 
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cells, the isoantibodies in the serum, and the reaction observed on mixing 
any one serum with cells. Plus signs indicate agglutination of the cells. 
The International System of nomenclature is represented by Roman let- 
ters, which indicate the isoantigenic structure of the cells, while the Greek 
letters represent the corresponding isoantibodies. 

Individuals of group O are considered universal donors since their red 
blood cells do not contain any isoantigens and hence are not agglutinated 
when introduced into a recipient. Since the donor’s serum is diluted dur- 
ing the transfusion process by the recipient’s blood, the isoantibodies 
present in the donor’s serum are diluted to such an extent that they gen- 
erally do not elicit agglutination of the recipient’s red blood cells. In- 
dividuals in group AB are regarded as universal recipients since their 
serum is free from isoagglutinogens and therefore incapable of agglutinat- 
ing cells from any donor. Since there are some minor variations in the 
groups and since other complications are at times encountered, it is wise 
to transfuse between members of the same group and advisable to match 
the bloods in vitro to see if any reaction occurs before the transfusion is 
commenced. 

The antigens and antibodies upon which the blood groups are based are 
inherited according to Mendelian principles, and the antibodies are not 
the result of exposure to a true antigen. Approximately 45 per cent of the 
population belongs to group O, 40 to group A, 12 to group B and about 
5 per cent to group AB. Approximately 85 per cent of the population 
possess another agglutinogen, known as the Rh factor, in their red blood 
cells. Transfusion of Rh-positive blood to Rh-negative individuals may 
induce antibody formation which could bring about agglutination and 
hemolysis of red blood cells introduced in a later transfusion. Also an 
Rh-negative mother may be immunized during pregnancy against the Rh 
factor if the father is Rh positive, giving rise to a fatal disease in the in- 
fant known as erythroblastosis foetalis. Other more complicated factors 
are also involved in the production of this condition, since not all Rh-posi- 
tive-Rh-negative matings give rise to erythroblastosis foetalis, but the 
factors are technical in character and cannot be considered here. 

Hemagglutination. Another agglutination reaction, but one that does 
not involve antibodies as the agglutinating agent, can be observed when 
certain viruses (e.g., influenza, mumps, smallpox, and encephalitis) are 
mixed with red blood cells from particular animals. The viruses of in- 
fluenza can cause a clumping or hemagglutination of chicken or human 
red blood cells when suspensions of the two are mixed. This is not an 
antigen-antibody reaction but is induced by the ability of the virus par- 
ticles to unite with the erythrocytes. This reaction can be specifically 
inhibited by antibodies against. the viral particles. This hemagglutina- 
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tion-inhibition reaction induced by antibodies serves as a basis for the 
detection of viral antibodies in immunized people or animals or in indi- 
viduals suspected of having, or having had, a particular virus disease. In 
testing serum from a patient suspected of having a viral infection, at 
least two samples of blood must be obtained, one early in the course of 
the disease and another after ten to fourteen days. A fourfold or greater 
increase in titer (highest dilution of the serum preventing agglutination 
of red blood cells) is considered diagnostic, since antibodies against some 
of the viruses may be present in low titer in serum from apparently nor- 
mal individuals. 

Complement Fixation. Antitoxins, precipitins, and agglutinins are 
relatively stable substances and will withstand heating for 1% hr. at 56°C. 
On the other hand the lytic activity and the bactericidal action of an 
immune serum are lost when the serum is allowed to stand for some time 
or is heated for a few minutes at 56°, while the ability to enhance phago- 
eytosis may be decreased. This difference in apparent sensitivity of anti- 
bodies casts some doubt on the unitarian hypothesis, but it was observed 
that the antibody was not inactivated and that instead a second com- 
ponent of serum was essential for the activity of these “sensitive” anti- 
bodies. The addition of a little fresh immune serum or even of fresh 
normal serum results in the restoration of activity. This substance, or 
complex of substances, which complements the activity of the antibody 
in certain antigen-antibody reactions is called complement, or alexin, and 
is a normal constituent of serum, its concentration not being increased as 
a result of an immunization procedure. The lytic activity of complement 
is best illustrated with red blood cells as these are relatively fragile and 
quite susceptible to lysis. The same type of reaction may be demon- 
strated with many bacteria, particularly the gram-negative ones such as 
the cholera vibrio, which are susceptible to the lytic activity of comple- 
ment after the bacteria have united with antibody against them. 

When, for example, one immunizes a rabbit against sheep red blood 
cells, lytic antibodies called hemolysins appear in the blood stream. Fol- 
lowing the addition of this antiserum to a sample of washed sheep red 
blood cells suspended in saline solution, the turbid suspension will clear, 
and the liquid assumes the bright red color of hemoglobin, This shows 
that the cells have undergone lysis with the liberation of the hemoglobin 
which they originally contained. No lysis is observed when one employs 
heated immune serum because heating destroys complement, but lysis 
will be observed following the addition of either fresh immune serum or 
of fresh serum from normal rabbits, sheep, guinea pigs, or other animals. 
The blood of the guinea pig is particularly rich in complement. This 
lytic test may be illustrated by the following reactions: 
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Red blood cells (RBC) + fresh normal serum.......-.--++++s+++005 No effect 
RBC + heated normal serum..........--sereecerrerersecsererscers No eee 
RBC + heated RBC antiserum ........-:.2+seese eer eee teste reece: No effect 
RBC + fresh, unheated RBC antiserum.......-.--++.+++++0s+se000: Lysis of RBC 
RBC + heated RBC antiserum + complement in fresh serum...... _. Lysis of Bey 
RBC + heated RBC antiserum + heated normal serum............-- No effect 


* Agglutination of RBC may be observed if antiserum is employed in concentra- 
tions greater than sufficient to demonstrate complement fixation. 


It has been found that complement will unite with any antigen-anti- 
body complex without necessarily producing any detectable change in 
test-tube experiments in agglutination, precipitation, or toxin-neutrali- 
zation experiments. Phagocytosis may frequently be observed in the 
absence of complement, but lytic activity is completely dependent on the 
presence of complement. It can be shown that the antibody first unites 
with its antigen and that this complex then takes up or fixes complement. 
Complement is a normal protein-complex constituent of the blood, and 
many assume that it exerts an enzyme-like action on antigens sensitized 
to its action as a result of combination with antibody. Its role in con- 
tributing to the defense of a host against an invading parasite is not fully 
understood, it being able to lyse only a relatively few bacteria (such as 
the cholera vibrio) after the bacteria have been sensitized by union with 
antibodies specific for them. 

The fact that complement has united with an antigen-antibody com- 
plex can be demonstrated by means of the complement fixation test. In 
this test an indicator system is added to the mixture of antigen, antibody, 
and complement to detect the presence or absence of complement. Since 
complement reacts with all antigen-antibody complexes, it is therefore 
possible to use as an indicator system another antigen-antibody complex 
which undergoes visible change in the presence of complement. Blood 
cells, after union with antibodies against them, are particularly suscep- 
tible to the lytic action of complement, and as their lysis may be ob- 
served directly (or indirectly by hemoglobin liberation), they are com- 
monly employed as the indicator system. The complement fixation test 
rests on the specificity of antigen-antibody reaction and is generally a 
more delicate or sensitive test than agglutination or precipitation tests 
alone. Complement fixation was first observed by Bordet in 1901 and is 
employed to the greatest extent in the detection of syphilitic individuals 
by means of the Wassermann test. A positive test may be obtained early 
in the course of syphilis and tends to remain positive as long as the 
individual is infected. 

The Wassermann Test. In the Wassermann test blood is collected 
and allowed to clot, the serum removed, and the complement inactivated 
by heating the serum at 56°C. Then this serum is mixed with an antigen 
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obtained from beef heart, which reacts like syphilitic antigen (in the 
original test a suspension of spirochetes in syphilitic liver was employed), 
and a small, known amount of complement is added. It is éssential to 
add a small and known amount of complement since all tests must be 
comparable; also if an excess of complement were present, some comple- 
ment might remain free in the reaction mixture and cause lysis of the red 
blood cells subsequently added. The heat-inactivated serum-antigen- 
complement mixture is incubated for a period of time sufficient to bind 
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Fic. 21-3. Results of a strongly positive (A) and a negative (B) Wassermann test. 
In the first four dilutions of the serum tested in (A), no lysis of the red blood cells 
is observed, and the cells have settled to the bottom of the tubes. Partial lysis is 
observed in the fifth tube. Complete hemolysis occurred in all dilutions of the 
serum tested in (B); hence serum (B) is negative for syphilis. 
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the complement present in the mixture. The next step in the test is the 
determination of whether or not complement has been bound; this in turn 
is dependent on whether or not syphilitic antibody was present in the 
blood sample. Sheep red blood cells which have been sensitized to the 
lytic action of complement (when present) by allowing them to react 
with anti-sheep-red-blood-cell antibody are then added, their only fune- 
tion being to act as an indicator system. The complement in anti-sheep- 
red-blood-cell serum must be inactivated by heat before it is added to the 
blood cells; otherwise lysis would be observed. When lysis of. the red 
blood cells occurs, it means that complement was still present, and there- 
fore no syphilitic antibody was present in the individual’s serum to react 
with the syphilitic antigen. When no lysis of the red cells occurs (see 
Fig. 21-3), the results suggest that syphilitic antibodies were present in 
the blood of the individual, that they had reacted with the antigen, and 
that this syphilitic antigen-antibody complex had fixed or bound the 
complement. Hence, it can be concluded with a considerable degree of 
accuracy that the individual is syphilitic, provided that he does not 
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have any infection, such as yaws, which gives rise to a positive Wasser- 
mann test. Needless to say, a number of control tests must be run at the 
same time to determine that all reagents employed in the test are active 
and functioning properly. The Wassermann test for the detection of 
syphilitie antibodies (actually a substance called syphilitic reagin which 
reacts with syphilitic antigen as its antibody should) in the serum of an 
individual suspected of being syphilitic may be summarized as follows: 


I. PRIMARY REACTION MIXTURE 
Syphilitic antigen + Inactivated serum + Small, known amount — No visible reaction 
to be tested of complement 


Were syphilitic antibodies present? If present, complement would have been fixed. 
Was the complement fixed? Can be determined by adding indicator system. 


II. INDICATOR SYSTEM 


Washed red blood ce Ils + Inactivated anti-RBC serum — RBC’s sensitized to the 
action of complement 


III. FINAL REACTION MIXTURE 


—No hemolysis Syphilitic 
Mixture I + Indicator II— 
— Hemolysis Nonsyphilitic 


No hemolysis indicates that the serum contained syphilitic antibodies, that an antigen- 
antibody reaction occurred in I, and that the complex bound the complement. 

Hemolysis indicates that the serum did not contain syphilitic antibodies in demon- 
strable amount; therefore, no antigen-antibody reaction occurred in I, and therefore no 
complement was fixed in I and hence is free to lyse the sensitized red blood cells of the 
indicator system II. Individual appears to be nonsyphilitic. 


In general, complement fixation tests can be employed for the diag- 
nosis of infectious diseases during the course of which antibodies are 
formed which give rise to positive agglutination tests or to other antigen- 
antibody manifestations. Since it is a more sensitive test, it will detect 
antibodies in lower concentration than can be detected by the other tests. 
It has been reported to be of particular value in the diagnosis of gonor- 
rhea and other infections in which the agglutination test is of little or no 
value owing to the low antibody titer generally developed in such infee- 
tions. It can also be employed in a number of viral infections if suspen- 
sion of the virus can be obtained. 

When a known immune serum is employed in the complement fixation 
test, the test can be used for the identification of unknown antigens, either 
free or in a combined state within bacterial or other cells. The test is a 
very delicate one, and extreme care must be employed in the choice of 
reagents and their concentrations, in periods and conditions of incuba- 
tion of the test materials, and in the use of appropriate controls. 
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The details of the various tests and many of the specific applications 
have not been considered here and can be found in the standard texts on 
immunology and serology and in the various clinical laboratory manuals. 
It should be emphasized that we have considered only the principles of 
these tests in our discussion and that in actual use numerous factors 
enter into the proper application of these reactions. Likewise interpre- 
tation of the results of these tests requires considerable experience and 
thought. 

The Schick and Dick Tests. An in vivo application of antigen-anti- 
body reactions (neutralization of toxin) is involved in the Schick test 
for susceptibility to diphtheria toxin and the Dick test for susceptibility 
to the toxin of scarlet fever. In these tests, results of a reaction which 
occurs in local tissues of the test individual are observed. When it is 
desired to determine whether or not an individual is susceptible to diph- 
theria toxin, a minute amount of the toxin is injected into the skin. If 
the individual is susceptible, the toxin will produce a local tissue irrita- 
tion, and an area of inflammation and swelling results. If the individual 
is immune, as a result either of having had diphtheria or of having been 
immunized against diphtheria toxin, no reaction will be observed be- 
cause the antitoxin in the blood neutralizes the injected toxin. In this 
type of skin test a positive reaction indicates susceptibility, a negative 
test meaning immunity, and hence the results of the reaction indicate 
the reverse of those noted in tests such as the tuberculin test which are 
based on hypersensitivity to a particular agent. The skin test for sus- 
ceptibility to diphtheria toxin is known as the Schick test, while the test 
for resistance to the toxin of scarlet fever is called the Dick test. Other 
tests of this nature have been developed for use in man or other animals 
but in general do not have as wide an application. 

Neutralization Tests. Neutralization of toxicity tests can be con- 
ducted for the detection of exotoxins, using a serum containing a known 
antitoxin, or for the detection of antitoxin when known toxin is employed. 
The latter test can be used to determine the efficiency of an immunization 
procedure. Measured amounts of the serum, or dilutions thereof, are 
added to constant amounts of the toxin, and the mixtures—after suitable 
incubation for the reaction to occur—are injected into animals suscep- 
tible to the toxin. If the animals fail to develop the symptoms charac- 
teristically induced by the toxin alone, and the control animals injected 
with toxin alone develop characteristic symptoms, the tests indicate the 
presence of toxin-neutralizing antibodies—antitoxin. The highest dilu- 
tion of the serum neutralizing the standard toxin serves as a measure of 
the antitoxin content of the serum. 

A similar test is employed with viruses and serves to detect the pres- 
ence of virus-neutralizing antibodies in serum, or vice versa. This neu- 
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tralization-of-infectivity test is carried out in a manner similar to that 
described above for toxins and antitoxins, the virus and the virus-serum 
mixtures being injected into susceptible animals or into tissue cultures 
(poliomyelitis), or into developing hens’ eggs (mumps), if the virus is 
capable of multiplying therein. In the latter tests, failure of the virus 
in the virus-serum mixtures to multiply and produce lesions indicates 
the presence of neutralizing antibodies and that they have neutralized 
the virus. Virus by itself is used as a control to show that the virus 
preparation is an active one. 

We have considered the more important serological reactions which 
can be employed in the laboratory for the identification of either un- 
known antigens or antibodies, free in solution or combined in bacterial 
or other cells, provided one of the reactants is known. Certain of these 
tests will be mentioned again in considerations of the identification of 
bacterial species or types and of certain infectious diseases. 


CHAPTER 22 


THE ENTEROBACTERIACEAE 


Since there are thousands of species of bacteria known to man, it is 
impossible to consider each species or even each genus in a textbook of 
general bacteriology. In the long-range plan of nature, the saprophytic 
forms are of most importance to us, but the pathogenic forms appear to 
affect us most in our everyday life. The important disease-producing 
species pathogenic for man are relatively limited in number, probably 
not greatly exceeding one hundred species. Representative species of 
both saprophytic and pathogenic species are found in the Enterobac- 
teriaceae, and a general consideration of certain members of this family 
will illustrate many of the principles of bacteriology, principles which 
can be applied to other families of bacteria as well. 

The family Enterobacteriaceae may be defined as a group of nonsporu- 
lating, gram-negative rods widely distributed in nature, many of which 
are parasitic upon plants or animals. Some are motile by means of 
peritrichous flagella, others nonmotile. The majority of the constituent 
species grow well on.artificial media, and all ferment carbohydrates with 
the production of acid, or acid and gas. Most members of the family 
reduce nitrates to nitrites, and many species liquefy gelatin. 

The family Enterobacteriaceae is divided (sixth edition of Bergey’s 
Manual) into five tribes, which may be characterized as follows: 


Tribe I. The Eschericheae, intestinal parasites and related species fermenting glu- 
cose and lactose with the production of acid and gas 

Tribe II. The Erwineae, species closely related to tribe I, although a few members 
produce acid only during the fermentation of glucose or lactose. Com- 
monly parasitic on plants 

Tribe III. The Serrateae, similar to the above species in biochemical characteristics 
but characteristically produce a red pigment 

Tribe IV. The Proteae, consist of highly pleomorphic rods which fer sent glucose 
and generally sucrose, but not lactose, with the production of acid and gas. 
Tend to be more proteolytic than other members of this family 

Tribe V. The Salmonelleae, intestinal pathogens which ferment glucose with the 
production of acid or acid and gas. A few species ferment lactose with 
acid but not gas production. Not proteolytic 
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The Enterobacteriaceae is a fairly homogeneous family, the various 
species being quite similar in their morphology and general biochemical 
characteristics, and the division into tribes is made primarily on the 
basis of their normal habitat and their constituent enzymes as reflected 
by their fermentative abilities. It is of interest, in connection with our 
earlier discussion of the evolution of parasitism and pathogenicity, that 
the evolution of parasitism is well illustrated in this family. The Ser- 
rateae and Proteae consist of sapro- 
phytic species capable of utilizing a 
wide variety of foodstuffs and of 
producing, under anaerobic condi- 
tions, a wide variety of products 
from carbohydrates and _ proteina- 
ceous material. They are quite 
widespread in nature and find con- 
ditions suitable for their growth and 
maintenance in the soil and water, 
although they may occasionally in- 
vade the animal body, generally fol- 
lowing establishment of an infection 
by a pathogenic organism. During 
the course of time, some of these or- 
ganisms may have become adapted 
to growth on living plants and finally 
developed the ability to invade the 


Fia. 22-1. Theodor Escherich, discoverer tissues of the plant, generally pro- 
of Escherichia coli (Bacterium coli com- 
mune). 





ducing only local lesions but occa- 
sionally eliciting a more widespread 
infection and killing the plant. This would give rise to the Erwineae, 
either from the Serrateae, with loss of pigmentation, or from the Proteae. 
Their dependence on the host does not appear to be as marked as that 
of the majority of the animal pathogens. 

The Eschericheae is a transitional group of organisms in metabolic 
activity and normal habitat. The genus Aerobacter consists of a closely 
related group of organisms which normally occur in the soil but which 
may live as commensals (or symbionts) in the intestinal tract of animals. 
Members of the genus Escherichia have become more adapted than the 
Aerobacter species to a commensal or symbiotic mode of life and find 
conditions in the soil less favorable for their growth and maintenance. 
In this tribe there are somewhat more specific nutritional requirements 
than in tribes II, III, and IV, and a gradation exists from Aerobacter 


through Escherichia to the still more exacting nutritional requirements 
of the members of the Salmonelleae. 
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Members of the Salmonelleae are relatively limited in their nutritional 
requirements and in their metabolic activities. They have become highly 
adapted to growth within the animal body and find: conditions outside the 
animal body unfavorable for their existence for any length of time. In 
this tribe there is progressive loss of metabolic activity and increasing 
dependence on the host through the Salmonelleae to the Shigellae. How- 
ever, none of these bacteria have undergone retrograde evolution with 
loss of synthetic powers to as great an extent as many of the other 
pathogenic species. 

The Erwineae will not be considered here, as they are mentioned in the 
chapter on infectious disease. The Proteae are of little direct importance 
to us and will be considered only incidentally to certain of the pathogenic 
forms. Likewise the Serrateae are of limited importance, although of 
some historical significance. They are a nuisance at times in that they 
may cause spoilage of improperly handled milk, giving to milk a red color 
due to the pigment they produce. Also they will grow on moist, starchy 
materials such as bread, producing thereon a bloody appearance. This 
phenomenon was frequently noted in the early days, particularly in the 
warm, humid Mediterranean countries. When these blood-red spots ap- 
peared on the sacramental wafers, they were supposed to be the blood of 
Christ which appeared as the result of a miracle. The type species, 
Serratia marcescens, is one of the smallest common bacteria and is 
frequently employed in testing the bacteria-retaining ability of filters 
employed for the sterilization of heat-labile substances and for the sep- 
aration of bacteria from suspensions of filtrable viruses. Owing to the 
rapidity and ease with which it grows and to its characteristic red pig- 
ment, it ean readily be detected in a filtrate. If it does not pass through 
the filter, then very likely no other bacteria will pass under the same 
conditions. 

Most informed people know that typhoid fever is caused by a bac- 
terium which may be transmitted by food or water contaminated with 
the urine or feces of an individual harboring the causative organism. 
Paratyphoid (typhoid-like) fevers and bacillary dysentery may be trans- 
mitted in like manner and are caused by organisms closely related to 
Salmonella typhosa. It might seem offhand that these organisms could 
be readily detected in food or water, but frequently they are present, 
particularly in water, in such small numbers that it is very difficult to 
separate them from accompanying fecal forms such as Escherichia coli. 
Therefore the bacteriologist has been forced to turn detective and to 
search for clues of the possible presence of these organisms. Pollution of 
water with fecal material, whether or not contaminated with pathogenic 
forms, generally contributes two common readily cultivated intestinal 
bacteria, E. coli and intestinal streptococci, to the water in relatively 
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large numbers. The presence of intestinal streptococci is widely em- 
ployed in England as an indicator of fecal pollution, while the common 
practice in this country is to look for the presence of E. coli and related 
forms such as Aerobacter aerogenes, these and closely related species 
being collectively known as the coliform bacteria. It should be men- 
tioned that methods have been devised for the isolation of the intestinal 
pathogens from water known to be polluted with fecal material, but these 
methods are not suitable for routine use. 


ISOLATION AND IDENTIFICATION OF PATHOGENIC SPECIES 


Suspected foodstuffs or fecal material may be streaked out directly on 
differential media, the principles of which were considered in Chap. 11. 
Bile salts and dyes are frequently added to the differential media to 
exert a selective action inhibiting growth of gram-positive species. At 
the same time the medium must not inhibit the growth of the bacteria 
which one is trying to isolate. In the separation and identification of 
members of the Eschericheae and the Salmonelleae, we find beautiful 
illustrations of the principles of bacterial nutrition, of the classification 
of bacteria, and of the applications of serological methols. Material 
suspected of containing Salmonelleae is streaked on lactose agar con- 
taining an indicator of fermentation, and after an incubation period the 
plates are examined for the presence of colorless colonies, colored colo- 
nies indicating lactose-fermenting organisms. We have seen that the 
Salmonelleae, with minor exceptions, do not ferment lactose. Colorless 
colonies, shown to be composed of gram-negative, non-spore-bearing rods, 
may be fished and inoculated individually in further differential media 
to aid in the identification of members of the tribe Salmonelleae, which 
is divided into two genera characterized as follows: 


Genus I. Salmonella, produces acid and gas from glucose (S. typhosa acid only, 
differs from Shigella in being motile) 
Genus II. Shigella, produces acid from glucose. Nonmotile 


Since members of the genus Proteus may also be present at times in 
fecal matter, this organism must be ruled out and the pathogenic form 
assigned to its proper genus. Figure 22-2 indicates the biochemical 
characteristics employed in the differentiation into genera and of genera 
into the more important pathogenic species. 

Biochemical properties such as ability to ferment other sugars, to re- 
duce nitrates, to produce hydrogen sulfide, to liquefy gelatin, ete., serve 
further to differentiate the species in these genera, and serological tests 
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Colorless colony of gram-negative, 
asporogenous rods on lactose agar 





Glucose 
Ta ae OI 
S Broth and sulfide 
A ucrose Indicating medium 
ae a ees ae ee Se, 
| | Motile, H2S Nonmotile ;no H,S 
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t 
Proteus Salmonelia Salmonella typhosa Shigella 
Xylose Mannitol 
fone (tee as 
Sorbitol S.paratyphi S. dysenteriae 
ie S.paradysenteriae 
S. suipestifer Inositol 
and | 
S.choleraesuis Y ® y 
S. enteritidis S. schott mulleri 
S. hirschfeldii and 
and S. typhimurium 
S. pullorum 


+ * Acids produced from specified sugar 


@ = Both acid and gas produced from specified sugar 
— = Specified sugar not fermented 


Fic. 22-2. Scheme for the differentiation of pathogenic species of Salmonelleae and 
elimination of Proteus. 


are employed for confirmation and finer identifications. The biochemical 
tests are not entirely satisfactory as variations in fermentative properties 
do occur. 

A colorless colony from lactose agar can be inoculated in the butt and 
on the slant of a tube of a second differential medium such as Hajna’s 
triple sugar iron agar. This is particularly valuable for screening pur- 
poses. After incubation for 18 to 24 hr., the characteristic reactions ob- 
served serve to identify the genus and frequently the species of the 
enteric pathogens and to rule out at the same time the inclusion of coli- 
form bacteria in the trAnsferred material. Typical reactions observed in 
this medium are summarized in Table 22-1 on page 470. 

The mechanism of the different reactions observed in this differential 
medium can be explained in the following manner: Glucose is present in 
a concentration of only 0.1 per cent, but this concentration of glucose is 
sufficient for the production of enough acids of fermentation under the 
anaerobic conditions prevailing in the butt of the tube to elicit the acid 
color of the indicator. Phenol red is frequently employed as the hydro- 
gen-ion-concentration indicator, and the color change is from red in 
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> 
TABLE 22-1. CHARACTERISTIC REACTIONS OBSERVED ON TripLeE SuGAR IRON AGAR 








Species Slant Butt HS 
Aerobacter aerogenes....... oo AG =~ 
Escherichia colt........... + AG _ 
Escherichia freundit....... + AG oa 
Proteus vulgartaee ncn eo + AG + 
Proteus morganit.......... - AG + or — 
Salmonella paratyphi...... - AG = 
Other Salmonella species. . . - AG + or ++ 
Salmonella typhosa........ - + af 
Species of Shigella........ - zh = 


Species of Alcaligenes..... —- = = 
Species of Pseudomonas.... - — = 
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— = no acid, or H2S 


alkaline to yellow in acid solution. However, aerobie conditions prevail 
on the slant, and in the early stages of growth the sugar for the most 
part is oxidized to carbon dioxide and water. Most of the glucose will be 
oxidized by the time heavy growth has been established, and hence there 
will be no opportunity for glucose to be fermented on the slant, or the 
extent of aerobic fermentation will be so limited that insufficient acid is 
produced to develop the acidic color of the indicator. Therefore no color 
change will be observed on the slant when glucose is the only sugar fer- 
mented by the species under examination. 

When heavy growth has been established on the slant, oxygen will be 
consumed by the bacteria near the surface of the growth almost as rap- 
idly as it diffuses into the external layers of cells, and anaerobic condi- 
tions will prevail within the bulk of the growth. The outward diffusion 
of carbon dioxide will also hinder the inward diffusion of oxygen. With 
the establishment of anaerobic conditions within the heavy growth on 
the slant (or within colonies on carbohydrate agar in petri dishes), fer- 
mentation will become evident along the slant provided that a ferment- 
able sugar is still present in sufficient quantity. This condition prevails 
if lactose or sucrose is fermented by the organism since these sugars were 
both initially present in concentrations of 1.0 per cent. Needless to say 
that lactose and sucrose will also be fermented in the butt of the tube 
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by organisms which possess the enzymes to elicit fermentation of one or 
both of these sugars on the slant. If both the butt and slant assume the 
acid color of the indicator, all we can tell is that glucose and either lac- 
tose or sucrose, or both, have been fermented. But if acid accumulates 
only in the butt of the tube, then the fermentable sugar is glucose. 

Development of the acid color on the slant and in the butt rules out the 
common enteric pathogens. The inclusion of sucrose in the medium also 
enables us to rule out Proteus vulgaris, which gives colorless colonies on 
a lactose medium but which is able to ferment sucrose. Also, genera such 
as Alcaligenes and Pseudomonas, which might at times be encountered in 
fecal matter, form colorless colonies on lactose agar, but they are ruled 
out by the fact that they do not ferment sugars and hence no color change 
is observed either in the butt or on the slant of the triple-sugar medium. 

When an acidic type of fermentation is observed only in the butt of 
the tube, we know that we are dealing with an organism which ferments 
glucose but not lactose or sucrose, and therefore, if it is a gram-negative, 
asporogenous rod, it probably is an enteric pathogen. Acid and gas sug- 
gests a Salmonella, acid alone either Salmonella typhosa or a Shigella. 
The inclusion of a soluble iron salt in the medium serves as an indicator 
of hydrogen sulfide formation, iron being precipitated as the sulfide, which 
blackens the medium. The inclusion of an indicator of sulfide produc- 
tion considerably increases the differential characteristics of this medium, 
since most species of Salmonella, with the exception of S. paratyphi, pro- 
duce hydrogen sulfide, and S. typhosa can be differentiated from the 
shigellae, as the latter do not produce sulfide. Motility tests may also 
be carried out with organisms present in water of condensation at the 
bottom of the slant. A single tube can give much information if advan- 
tage is taken of the principles of bacterial physiology! The organisms 
from the slant can be used to inoculate other carbohydrate media for the 
determination of additional fermentation characteristics which serve in 
identifying the species, or they can be used in agglutination tests for 
serological confirmation and extension of the identification based on bio- 
chemical activities. If there is any doubt about the results of tests in 
these complex media, they should be confirmed in individual sugar media. 

In the attempted isolation of S. typhosa from water or feces, it is pos- 
sible to inhibit the growth of coliform bacteria partially by the addition 
ef sodium selenite to broth, which is then inoculated with the sample. 
Selenite may also inhibit the growth of other bacteria, such as Pseudo- 
monas, which may be present in the test sample, and on incubation over- 
night the microbial population is selectively enriched with respect to 
S. typhosa. Material from this enrichment culture can then be streaked 
on lactose agar with much greater chances of securing individual colonies 
of S. typhosa without overgrowth of accompanying bacteria. 
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Antigenic Structure of Pathogenic Species. Agglutination tests can 
be carried out with the organisms isolated and partially identified by 
means of their biochemical properties. We have considered that many 
closely related species share one or more antigens in common, and cross 
agglutination reactions are frequently observed. These cross reactions 
tend to disappear when the diagnostic sera are highly diluted or have 
been purified by adsorption of antibodies with antigens shared in common 
by a number of species. Let us again consider the agglutinin-adsorption 
technique, which may be illustrated as follows: Suppose organism 1 con- 
tains three antigens represented by the letters A, B, and C, and that or- 
ganism 2 contains antigens C, D, and £. Since both organisms have one 
antigen in common, an antiserum against one organism will elicit some 
agglutination when mixed with the second organism. Suppose we wish to 
have an antiserum specific for organism 1. We could mix the antiserum 
with organism 2, incubate, and then remove organism 2 from the mixture 
by centrifugation. Organism 2 would have reacted with antibody against 
antigen (, and this antibody would be carried down with the centrifuged 
cells; then the supernatant fluid would contain only antibodies against 
antigens A and B after the adsorption and removal of antibodies against 
antigen C. Therefore the antiserum so purified would be specific for 
organism 1, since the antibodies against the antigen shared in common by 
the two species have been removed. By means of agglutinin-adsorption 
techniques antisera highly purified in their antibody content and specific- 
ity can be prepared, and they are very useful in differentiating between 
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Fig. 22-3. Schematic illustration of diphasie variation in Salmonella choleraesuis, 
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closely related species and in analyzing species for their antigenic struc- 
ture, 1.e., giving an indication of their specific antigenic components. 

The use of agglutinin-adsorption techniques and agglutination tests for 
the antigenic analysis and classification of bacteria is well illustrated with 
the salmonellae. In these, and in many other species, there is generally 
more than one antigen in the cell proper. In the Kauffmann-White classi- 
fication these cellular antigens, usually called the O, or somatic, antigens, 
are designated by arabic numerals. (Formerly roman numerals were 
used.) At least thirteen O antigens have been reported in different spe- 
cies of Salmonella. The somatic antigens of a particular species tend to 
be a fairly constant characteristic of the species. Most Salmonella spe- 
cies are flagellated, and the flagellar, or H, antigens are of two kinds: 
those shared by a number of species or types and those characteristic of 
a particular species or only a few species or types. Organisms showing 
this variation in flagellar antigens are said to be diphasic; 1.e., at one 
time the specific antigens may be present (specific phase), while at an- 
other stage of the culture the group, or nonspecific, antigens may be 
present. A culture may consist entirely of one or the other of the phases 
or may contain both. Since there is some doubt as to the “specificity” 
of the H antigens, there is a tendency to refer to the species-specific 
flagellar antigens as phase 1 antigens and to the less specific, or group, 
antigens as phase 2 antigens. Phase 1 antigens are designated by small 
letters, and more than twenty-seven have been described. The group, 
or phase 2, antigens, designated by arabic numerals, include about six 
different antigens. 

Flagellated (H) organisms agglutinating in the presence of serum con- 
taining antiflagellar antibodies tend to clump together in loose floccules, 
while a firmer and more dense type of agglutination is observed when 





Fic. 22-4. Flagellar (1) and somatic (O) agglutination. [From Pijper, Journal of 
Pathology and Bacterwlogy. 47, 1 (1938) and 53, 431 (1941). 


474 INTRODUCTION TO THE BACTERIA 


the reaction is elicited by antibodies against the somatic (O) antigens. 
Flagellar antigens can be removed from the cells, or at least inactivated, 
by extraction of the cells with hot ethyl alcohol. Since different proce- 
dures are employed in separating the various antigenic constituents of a 
cell, it must be borne in mind that certain of these antigens may be arti- 
facts, i.e., produced as a result of the chemical treatment, since proteins 
or complexes with proteins are rather reactive and unstable. However, 
the existence of numerous antigens in species of Salmonella is well estab- 
lished and is of great value in their classification. 

The significance of phase variation, which occurs independently of 
S-R variation, is unknown. (In the S-R variation another change in 
antigenic structure may be noted, the somatic antigens tending to lose 
their specificity, which appears to be controlled in the S forms by poly- 
saccharide haptens.) From the results of numerous studies it is possible 
to assign definite antigenic constitutions, expressed in terms of numbers 
and letters as just mentioned, to species. For example, the antigenic 
structure of Salmonella typhimurium may be expressed by the formula: 
(1), 4, (5), 12; 1; 1, 2, 3. (The O antigens are indicated first and when 
the symbol representing an antigen is enclosed in parentheses, it means 
that the antigen may or may not be present, or is incomplete.) Many 
salmonellae, differing by only one antigenic component or biochemical 
property, are given species rank, and final “species” identification is often 


TABLE 22-2. ANTIGENIC CONSTITUENTS OF COMMON Salmonella Species * 
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A Salmonella paratyphi (1);,2,.12 a 
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* From the studies of Kauffmann, White, and others. 
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difficult. However, antigenic analysis indicates that there are six main 
serological groups, A to F, and probably group C may be subdivided into 
two parts and £ into three parts. The grouping of the more common 
pathogenic species and their antigenic formulas are presented in Table 
22-2. Note that Salmonella typhosa is closely related in its antigenic 
structure to group D salmonellae, and for this reason it is now classified 
as Salmonella typhosa rather than as Eberthella typhosa. Possibly it 
evolved from another Salmonella by loss of certain nutritional and bio- 
chemical characteristics. 

Salmonella Typhosa. We shall consider Salmonella typhosa and ty- 
phoid fever, respectively, in some detail, as they represent a well-known 
pathogenic bacterium and a disease produced in man by the organism 
under consideration. The infectious nature of typhoid fever was first 
clearly recognized in 1856 by Budd, who suggested, on the basis of epi- 
demiological evidence, that the disease is transmitted by water contami- 
nated with human feces. The responsible organism was not suggested 
until 1880, when Eberth noted a gram-negative rod characteristically 
present in the mesenteric glands and the spleen of persons who had suc- 
cumbed to the disease. Four years later Gaffky succeeded in isolating 
the bacterium in pure culture, but some difficulty was encountered in the 
acceptance of this organism as the causative agent of typhoid fever. 
The Eberth-Gaffky bacterium was pathogenic in fairly large doses for 
a number of laboratory animals when injected intravenously or intra- 
peritoneally, but the infection or poisoning did not resemble human ty- 
phoid. It was not pathogenic for animals, except possibly chimpanzees, 
when administered in food or drink, the normal pathway of infection in 
man. Hence, Koch’s postulates could not be fulfilled, but serological 
tests gave support for the belief that the organism isolated by Gaffky 
was the cause of typhoid. Accidental swallowing of the organisms by 
laboratory workers finally enabled Koch’s third postulate to be fulfilled. 

Salmonella typhosa is a short, plump, gram-negative rod, its dimensions 
ranging from about 1 to 3.5 p in length and from 0.5 to 0.8 » in breadth. 
It is actively motile by means of peritrichous flagella. S. typhosa grows 
less Juxuriantly than Escherichia coli on laboratory media and is fre- 
quently overgrown by the latter organism. We have already considered 
that the metabolic activities of the typhoid bacillus are less numerous 
and profound than those of the Escherichia or other Salmonella species. 
This organism appears to have lost certain synthetic properties possessed 
by its wild ancestor, as many strains will not grow on synthetic media 
with ammonium salts as the sole source of nitrogen. In particular, these 
strains appear to have lost the ability to synthesize tryptophan, and this 
amino acid must be supplied preformed in the medium. However, it is 
frequently possible to adapt these exacting strains to growth in the ab- 
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sence of tryptophan by gradually reducing the content of tryptophan 
in the synthetic medium employed in subculturing the organism. How- 
ever, the non-tryptophan-requiring variant selected has developed the 
ability to synthesize this amino acid, since it can be demonstrated in the 
constituent proteins of the typhoid bacillus. Possibly the tryptophan- 
requiring form never completely lost this synthetic ability, but the rate 
of synthesis was so low as to be of little or no value to the organism, 
training bringing out this latent property. It is of interest in this con- 
nection that S. typhosa is unable to produce indole from tryptophan, a 
property possessed by FE. coli but not by the salmonellae. 

In 1934, Felix and Pitt found that different smooth strains of typhoid 
bacilli differed in their agglutinability by O antiserum, and that the 
freshly isolated and more virulent strains are the less agglutinable forms. 
This was shown to be due to the presence of a very labile antigen which 
Felix designated as the Vi, or virulence, antigen. There is some doubt 
at present as to the relation between this antigen and virulence, patho- 
genicity apparently being due in the main to the somatic antigens 9 and 
12, which appear to consist of specific carbohydrate-lipoid complexes 
attached to less specific proteins. These somatic antigens must be pres- 
ent in the bacteria employed in the preparation of antityphoid vaccines 
if immunization is to be successful. 

Dissociation of S. typhosa from the ordinary smooth form to the rough 
form is frequently noted, with or without loss of flagella, and hence four 
main types may be observed: smooth motile, smooth nonmotile, rough 
motile, and rough nonmotile. The S-R variation appears to be acecom- 
panied by a change in serological specificity involving the somatic, or O, 
antigens; the Vi antigen is apparently independent of this variation and 
may be present with or without O antigen. Hence, a series of antigenic 
variations is possible, the organisms possessing H, O, and Vi antigens 
separately or in combination. The S-R transformation may take place 
in the body as well as in the test tube, healthy carriers of S. typhosa 
frequently carrying readily agglutinable, avirulent rough strains. Varia- 
tion may also be observed in biochemical characteristics, some strains 
fermenting xylose and others not, a difference to which some workers 
assign epidemiological significance. Some variants of the typhoid bac- 
terium have been isolated which possess the full complement of antigens 
characteristic of the virulent form. These variants, however, require a 
purine for growth; this purine was not required by the virulent parent 
strain, and apparently was not supplied by the tissues of the test animal. 
Nutritional factors as well as antigenic structure appear to play a role 
in determining the virulence of an organism. ; 

The typhoid bacillus has become adapted to a parasitic mode of life in 
man, and when found outside the human body, it ean generally be traced 
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more or less directly to the discharges of a typhoid patient or of a carrier 
of the organism. Laboratory studies have shown that the bacillus may 
survive for three months or more in sterile water but that it disappears 
much more rapidly in unsterilized water. Under ordinary conditions it 
does not multiply in water, even in the presence of considerable organic 
matter, and the danger of infection from sewage-polluted water is great- 
est when the sewage is fresh. The persistence of typhoid bacilli in soil 
and in fecal matter is much longer than in natural waters, viable organ- 
isms having been found in contaminated soil as long as two months after 
contamination has occurred. 

Typhoid Fever. After an incubation period of about a week, the dis- 
ease becomes evident in man, the clinical symptoms being variable and 
not too well defined. The common symptoms are headache, lack of ap- 
petite, nosebleed, the development of rose-red spots on the abdomen, 
muscular weakness, diarrhea, and a gradually increasing fever during the 
first 10 days. The fever lasts for 3 to 4 weeks, and recovery is gradual. 
The disease varies from mild, frequently unrecognized cases known as 
“walkmg typhoid” to severe cases, the mortality rate being about 10 per 
cent. On autopsy the intestinal walls are generally observed to be ex- 
tensively ulcerated, ‘“Peyer’s patches” being particularly involved and 
containing large numbers of the bacilli. The intestinal wall may 
perforate with a resulting peritonitis, often involving other bacteria 
as secondary invaders. Secondary mixed infections elsewhere in the 
body, especially involving the pyogenic cocci and pneumococci, are not 
uncommon. 

In addition to the more or less constant symptoms associated with 
typhoid fever, there are certain other pathological conditions which may 
be produced. Inflammation of the urinary bladder (cystitis) sometimes 
occurs, and the gall bladder is frequently heavily infected and severely 
inflamed. The spleen and liver may contain large numbers of bacteria, 
generally in masses. Suppurative and inflammatory processes may also 
be produced in many parts of the body; the osseous system in particular 
is open to invasion, and S. typhosa can frequently be isolated from the 
bone marrow. Other organs of the body are rarely invaded by this 
organism, but under certain conditions almost any organ may be at- 
tacked. It is readily apparent that typhoid fever is the result of a gen- 
eralized infection rather than a localized one. 

The intestine has long been regarded as the main portal of entry of 
S. typhosa into the body, the bacteria generally entering the intestinal 
tract as contaminants in water, milk, or food. They pass through the 
stomach, enter the upper intestines, and establish an infection in the 
intestinal walls, particularly in the lymphoid tissue, with consequent in- 
fammation. From this original site of infection the bacteria may spread 
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into the general lymphatic system and the spleen The bacteria ean spill 
over into the blood stream in large numbers from the lymph nodes with 
the establishment of a bacteremia early in the course of the disease. 
However, there is some doubt as to whether or not the organisms multiply 
in the blood stream. Although there are no antibodies in the blood stream 
early in the course of the disease, yet the bacteria soon disappear from 
it for a time as a result of the phagocytic activity of the reticulo-endo- 
thelial system. The bacteria continue to proliferate in various tissues; 
e.g., in about 80 per cent of recognized cases specific eruptions (rose 
spots) which contain large numbers of bacilli may be observed on the 
abdomen, and from the tissues they later invade the blood stream again. 
By this time antibodies have generally been formed in appreciable 
amounts, and they may, with the aid of complement, induce lysis of 
the bacterial cells. Bacteriolysis may be accompanied by the liberation 
of endotoxie substances, particularly the Vi and O antigens, with the 
establishment of a septicemia. By the end of the first week or ten days, 
millions of bacteria escape from the Peyer's patches, enter the intestinal 
contents, and are excreted in the feces. Little or no multiplication takes 
place in the intestinal matter. Typhoid bacilli are also found in the 
urine, frequently many millions per milliliter, in about 25 per cent of 
the cases of typhoid fever. 

.The laboratory tests are culturing the blood, urine, and feces for the 
presence of S. typhosa and agglutination tests with the patient’s serum 
against known cultures of this pathogen. The laboratory procedures and 
findings depend on the stage of the disease as suggested by the above 
discussion. Blood cultures may be positive during the first invasion of 
the blood stream in the early days of the infection and may become posi- 
tive again if the blood stream is invaded for the second time. Stool and 
urine cultures generally become positive after a week or ten days, and 
antibodies appear in the blood stream at about the same time; hence ag- 
glutination tests may be carried out at this time, testing for the presence 
in the patient’s blood of antibodies against S. typhosa. It must be borne 
in mind that the individual may have been vaccinated against typhoid, 
and in this case a marked increase in the concentration of antibodies at 
this stage of the infection is of diagnostic significance. Detection of S. 
typhosa in fecal matter is not always an easy procedure, and full advan- 
tage must frequently be taken of the various selective and differential 
media available. 

Stool cultures may be positive for long periods after recovery from 
typhoid fever. About 5 per cent of individuals recovered from the in- 
fection remain carriers for several months and a few for life. In the 
chronic carrier state the focus of infection is usually the gall bladder in 
the case of the fecal carriers (the most common) and the bladder in the 
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ease of the urinary carriers. A higher percentage of women than men 
remain carriers, and there appears to be a greater tendency for the car- 
rier state to develop in older individuals. Isolation of typhoid bacilli 
from carriers is frequently difficult, and several attempts may be neces- 
sary as the organisms may be eliminated intermittently. Antibody to the 
Vi antigen tends to remain in fairly high titer in carriers and to disappear 
from noncarriers; hence Vi-agglutination tests may be of value in recog- 
nizing the carrier state. Removal of the gall bladder has been effective 
in eliminating the carrier state from about 70 per cent of surgically treated 
cases. 

Control of Typhoid Fever. The control of typhoid fever is probably 
one of the greatest achievements in the application of the principles of 
bacteriology to our everyday life. Typhoid was for a long time one of 
the most common of the serious infectious diseases and one of the leading 
causes of death. Today it is rare in civilized countries, generally occur- 
ring only in endemic form or in small localized epidemics frequently 
traceable to a carrier. Recognition of the pathways of transmission of 
the infectious agent and the application of effective methods for the pre- 
vention of this transmission are responsible for the reduction in our large 
cities of from 20.5 cases per 100,000 inhabitants in 1910 (when some 
sanitary precautions were already in effect) to 0.26 in 1937. Sanitation 
has accounted for this to a great extent although vaccination of individ- 
uals, particularly soldiers, working under unsanitary conditions has been 
of some value in eradicating this former plague of mankind. 

Typhoid fever appears to be contracted only by the ingestion of typhoid 
bacilli, there being some evidence that the organisms invade the body by 
way of the tonsils or gastric mucosa at times as well as through the intes- 
tinal mucosa. The disease may be transmitted by any means which allows 
the transfer of typhoid-contaminated feces or urine to the mouth, al- 
though such transfer does not necessarily mean that an infection will be 
established. Of the various means of transmission the four F’s—Feces, 
Fingers, Flies, and Food—are the most important. Fingers or flies be- 
eome contaminated with S. typhosa present in excreta and transfer the 
bacteria to food, and in food they gain entrance to the body. Excreta 
from the patient must be disposed of in such a manner that the organism 
is not spread to others, and carriers must be prevented from handling 
food that will be consumed by susceptible individuals. “Typhoid Mary” 
was the most famous carrier in the past half century. In 1901 she devel- 
oped typhoid fever and, as was discovered later, became a chronic carrier. 
One month after Typhoid Mary accepted a job as cook in a private home, 
the Jaundress in the same home developed the disease. In the next year 
Mary obtained a job as cook in a different home, and soon seven members 
of the family were ill. During the next four years new jobs followed, and 
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about 20 cases of typhoid were associated with her activities. She was 
held by the New York Department of Health for several years, but in 
1914 became a cook under an assumed name in a hospital, and an out- 
break of 25 cases followed. She was later taken into custody again and 
held for many years, not without considerable legal difficulty. Total 
known cases directly attributable to her were 51 in 10 outbreaks, and no 
doubt many more unknown cases. She may also have been the source 
of the original contamination responsible for an outbreak of over 13,000 
cases in 1903 in Ithaca, N.Y. She died on November 11, 1938, of natural 
causes. This case and many others show that our foods may easily be- 
come contaminated with excrement and that food handlers must be care- 
fully watched, particularly if they have been known to have had typhoid 
fever. Flies, as well as fingers, may carry the pathogen from excreta 
to food. Need more be said? Shellfish from sewage-contaminated beds 
have also been responsible for epidemics of typhoid. 

Extensive outbreaks of typhoid fever have generally been traced to 
contaminated water or milk, the supply of which was used by large num- 
bers of people. Milk-borne typhoid was second to water-borne epidemics 
up to the general introduction of pasteurization, since which time milk 
has become unimportant as a vehicle of transmission except where pas- 
teurization is not employed. The infectious agent in the milk did not 
come from the cattle but from contaminated handlers of the milk. Water- 
borne outbreaks can be traced to the pollution of a water supply with 
sewage containing excreta from typhoid patients or carriers. It can be 
prevented by efficient purification of a water supply. A typical example 
was observed in a Midwestern town during the depression years. The 
water supply was from a river near the town, and an economy-minded 
municipal administration decided to stop chlorination of the town’s supply. 
Within a short time an epidemic of 282 cases with 29 fatalities occurred 
in a population of approximately 1,500 people. The outbreak was traced 
to pollution of the river water with excreta from carriers living several 
miles up the river. Epidemics have also been traced to the use of con- 
taminated water for washing milking equipment. Unwise economy in 
sanitation does not pay dividends. 

Immunity to typhoid fever appears to be of a high order, one attack 
conferring permanent but not necessarily absolute immunity. Immuni- 
zation with heat-killed organisms, providing they are in the antigenic 
phase characteristic of the fully virulent organisms, confers a marked 
increase in resistance upon the immunized individual. Frequently the 
paratyphoid bacteria are also incorporated in the vaccine for the purpose 
of immunizing at the same time against not only typhoid fever but against 
paratyphoid fevers, which may be transmitted in the same mianner as 
typhoid and which likewise affect the gastrointestinal tract. 
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Paratyphoid Fever. Two species of Salmonella, S. paratyphi (para- 
typhoid A) and S. schottmuelleri (paratyphoid B), generally give rise to 
a typhoid-like disease in man. Many cases of paratyphoid fever show a 
tendency to run a mild course and are marked by sudden onset with 
chills but otherwise are similar to typhoid fever cases. The only method 
for accurately differentiating between these infections is isolation and 
identification of the causative organism. Like typhoid, paratyphoid 
fevers are transmitted by contaminated food or drink, and their spread 
may be prevented by the same means employed for the control of typhoid 
fever. The incidence of paratyphoid fevers is in general much lower than 
that of typhoid, and the fatality rate is very low. 

Several species—S. enteritidis, S. choleraesuis, and S. typhimurtwm— 
may cause acute gastroenteritis in man. This type of infection is quite 
different from typhoid and paratyphoid fevers in that the incubation 
period is very short, often a few hours, the onset is sudden, and the symp- 
toms are those of a severe digestive upset rather than of a true infectious 
disease. Diarrhea, vomiting, and abdominal cramps are the usual symp- 
toms; fever may be slight, and generally recovery is rapid with few 
fatalities. The acute symptoms are generally the result of eating food 
which has been heavily contaminated with the particular species of 
Salmonella involved. Infection of the food is at times by human carriers 
but more generally by excreta from rats or mice which are infected or 
are carriers. Meat from infected animals may also serve as a source of 
infection. Proper cooking will kill these pathogenic forms, but if they 
are not killed, or subsequently gain entrance into cooked foods which are 
allowed to stand for a few hours in a warm place (70°F.), they will mul- 
tiply to a considerable extent. The symptoms produced are those of an 
intoxication rather than of an infection, although the organisms do mul- 
tiply in the intestinal tract and establish infection therein. 

Dysentery. Clinical dysentery can be caused by several species of 
Shigella or of Salmonella, and by colon-like bacteria, a filtrable virus, or 
by the amoeba, Endamoeba histolytica. Organisms of the Shigella group 
are the most common cause of bacillary dysentery, the infection being 
confined to the intestinal tract and being characterized by the presence 
of blood and mucus in the stools. The principal species are Shigella 
dysenteriae and S. paradysenteriae; S. sonnei, S. ambigua, S. alkalescens, 
and S. dispar at times being responsible agents. The latter two bacteria 
are closely related to £. coli and may belong in an intermediate group. 
These bacteria can be differentiated from the salmonellae by their failure 
to produce gas on carbohydrate media, their failure to produce hydrogen 
sulfide, their lack of motility, and by specific agglutination. Shigella is a 
less antigenically complex genus than is the genus Salmonella, usually 
containing one, or at the most two, major somatic antigens. Shigella 
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dysenteriae produces a potent exotoxin (Shiga toxin), the other patho- 
genic species of this genus producing only endotoxins which are released 
on autolysis of the cells. The Shiga toxin is a lipoid-carbohydrate-pro- 
tein complex, the antigenicity being controlled by the polysaccharide and 
toxicity being due to the protein fraction. 

Dysentery is more difficult to prevent than the typhoid-paratyphoid 
fevers, being transferred primarily by carriers who infect the food, milk, 
or water before consumption. Pasteurization and chlorination do reduce 
the incidence of the disease, but scrupulous cleanliness in the handling of 
food by all workers is required for a more complete control. 


CHAPTER 23 


MICROBIOLOGY OF INFECTIOUS DISEASE 


It is impossible to consider all organisms pathogenic for plants and 
animals in a text of this size. The pathogens are widely scattered amongst 
the viruses, the bacteria, the higher fungi, the protozoa, and even some- 
what higher forms of life such as the small worms. These organisms 
could be mentioned individually, each in the little niche it occupies in 
the common classifications of the various forms of life. Such a consid- 
eration is of little practical importance to the average student with gen- 
eral interest in the life about him, even if it were limited to the agents 
infectious for man. Infectious diseases are similar in all instances in that 
they represent a struggle between the cells of the pathogenic species and 
of its unwilling host. No attempt will be made, therefore, to cover all 
pathogens and the infections which they elicit, and the discussion to follow 
will be primarily limited to the more common species pathogenic for man. 
These species can be roughly classified on the basis of staining character- 
istics and morphology as shown in the accompanying key. 


Srmpuiriep Key to BacrertA PATHOGENIC TO Man 
Gram-positive Cocct 


Micrococcus: 
Clusters of cocci, characteristically pigmented 
pyogenes var. aureus (Staphylococcus aureus) Carbuncles, furunculosis, pyemia 
Characteristically in groups of four (tetrads) 
tetrayenus (Gaffkya tetragena)............-- Secondary infections 
Streptococcus, cocci in pairs or chains, character- 
istic hemolysis on blood agar 
Complete hemolysis 
oS Th Oe De ee ree re eee ee eee Infections of teeth, tonsils, si- 
nuses, and wounds; erysipelas; 
puerperal sepsis; — broncho- 
pneumonia; septic sore throat; 
scarlet fever; rheumatic fever 


Partial hemolysis, greenish discoloration 


salivarius Endocarditis 
Diplococcus, encapsulated diplococci, soluble in 
bile 
ce Oe Pe ee ery TLL Pneumonia (pneumococcal) 
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Srmpuiriep Key To Bacreria PATHOGENIC TO Man (Continued) 
Gram-negative Cocci 


Neisseria, diplococei 


i ona- 
GONOTTROEGE .... 2. cece eens nner se wasneneeee Gonorrhea, ophthalmia ne 


torum 
MERANGHAGIGs io oo 5G apes 1K va NTR Epidemic meningitis 


Gram-negative Rods 


Pseudomonas, polarly flagellated, usually pig- 


mented rods : 
GETUINNOBRK 02. ca0s 2 are t ict tras eee es Secondary invaders, infections of 


urinary tract 
Proteus, motile, pleomorphic rods. Spreading 
colonies+ On \Agal.& eee eee eaten Secondary invaders, urinary-tract 
infections 
Salmonella, characteristically found in the intes- 
tinal tract, easily cultivated, fermentative. 
Motile or nonmotile 


LiDROSG 3 hsOy: Se OS eee Typhoid fever 
MAraey Pits SCROLLIULELLEN cite ae ee ee Paratyphoid fever 
typhimurium, enteritidis, pullorum, and chol- 
CLOSE? Soe Feet Sr A CORA ertin eee Food poisoning 
Shigella, similar to Salmonella 
dysenteriae and paradysenteriae............. Bacillary dysentery 
Brucella, small rods, inactive on carbohydrates 
abortus, melitensis, and suts................. Undulant fever, contagious abor- 


tion in cattle 
Malleomyces, small rods, tendency to form fila- 
mentous, branching cells, usually associated 
with horses 
Maller. dns Nea ee ak LR oe ee Glanders, farcy 
Pasteurella, small, bipolar-staining rods, usually 
associated with animals and spread by insects 


POREB ON ins oh RS Net ee ee Plague (bubonic), pneumonic 
plague 
tularensis... see . Tularemia 


Hemophilus, small, at times filamentous, rods 
which may require blood for best growth 


DELUUSHE” ey oc. ee Ge b I ae Aton aa eee Whooping cough 
influenzae ........ sie eet ee oe eae Bronchopneumonia 
0 7, Per Ten eet eS tea ne ee Chancroid 


Gram-positive Rods 


Bacillus, aerobic, sporeforming rods 
anthracis Anthrax 
Clostridium, anaerobic, sporeforming rods 


tetani Tetanus 


Gas gangrene 
Food poisoning 


perfringens, novyi, septicum, histolyticum 
botulinum and parabotulinum 
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Srmpuiriep Key To Bacteria PatHocenic To MAN (Continued) 


Gram-positive Rods (Continued) 


Corynebacterium, irregular, club-shaped rods. 
Metachromatic granules and barring usually 


observed 

OER EP Se LOE PET OE Oe Diphtheria 
Mycobacterium, acid-fast rods 

tuberculosis (human and bovine strains)..... Tuberculosis 

er ot POURS DAA EE SEER a PO Leprosy 


Actinomyces, branching, filamentous forms, break- 
ing into rods 
bovis, madurae, and graminis................ Actinomycosis, Madura foot 
Gram-negative Spirilla 


Vibrio, short, comma-shaped rods, polarly flagel- 
lated 
ACTS Oe Nise ha a Det ee ae aE ee Asiatic cholera 


Gram-positive Spirilla 


Spirillum, rigid, spiral, lophotrichously flagellated 


rods 
RTE NN cece Fig By as, Dagar eos Ratbite fever 
Spirochetes 
Treponema, slender spirals, difficult to stain 
pe) ei er ee oc Syphilis 
Borrelia, coarse, flexible spirals 
ET EE Lc ec | Ae ee eae tora Relapsing fever 


Leptospira, finely coiled organisms with hooked 
end or ends 


icterohemorrhagiae.......-..... 6000s eee ee eee Jaundice and meningitis 


There are four main periods in the course of an infectious disease, as 
was illustrated in the discussion of typhoid fever. These can be sum- 
marized as (1) contamination of the host and entry of the parasite into 
susceptible tissue; (2) a period of incubation during which the parasite 
multiplies, this period ending with the appearance of definite symptoms 
of the disease; (3) the period of obvious illness; and (4) the period of 
recovery if the host survives. It is quite likely that the fate of the host 
is dependent to a great extent upon the changes that are initiated during 


the second period, provided that no treatment is given which would inter- 


fere with the normal course of events. 
The use of vaccines, where effective, has served to reduce the incidence 


of certain infectious diseases by preventing establishment of the para- 
site, while the chemotherapeutic agents are employed during the second 
and third stages and reduce both the severity and the fatality rate. Con- 
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trol of the disease at an early stage also reduces the chances for the para- 
site to pass from the infected host to another susceptible one. Chemo- 
therapy, however, is not 100 per cent effective, and neither are many of 
our control measures. This statement is illustrated in Table 23-1, in 
which numbers of cases and of deaths from the more common reportable 
diseases in California are summarized. 


TABLE 23-1. CASES AND DEATHS FROM REPORTABLE DISEASES, CALIFORNIA, 1954 * 


2 SS EE ee 


Reportable disease Cases | Deaths 


a 





Ot Vc: eR A CIR a OC ee —_ — 
Botulism as... eerie ees oo aso ae od oo ee 6 3 
Brucellosis (undulant fever).........-.-.+--+-- oo 48 1 
Chickenpox (varicella)............+-++02ss+eeees 47 ,084 Z 
Conjunctivitis, acute infectious, of the newborn.. . . 9 — 
Diphtheriaeyisgees cynic chie waa sit md eee placa 39 4 
Encephalitis, infectious. ...........-++ss.ssseeee 656 53 
Fond: poisoning. Sole. 5 We Abe ote ot ee eee 1,461 — 
German measles: (rubellit) sa -tovts sew ate ee ee 7,021 — 
ISGNOCOCCUSDESCHOM ue! fed.) ce See ee ee 16,012 1 
Hepatitis, infectious, «20. i.. 22505 005 freee ats 2 , 233 70 
Influenza, epidemic ..is.. 60.3 axed cn te Ome ae a 377 53 
Leprosy (Hansen’s disease)... «0 ~ . si -0 6 ons sects ws 13 — 
Lymphogranuloma venereum...........---.--+-- 53 — 
Wislarip go inte ooo wg ak as Oe ee oe eee eae 41 1 
Meanles oo} 30% teen ne eee ete en ee 60,029 10 
Meningitis, meningococcal or meningococcemia . 309 69 
MB sigh, 5h Sone nt oa ee es oe ee ee 32,885 3 
Pertussis (whooping: cough), oc. 0...) se ne ees 4,985 16 
Pretrmionias infecuous >. .2. 2s ee ee, ee 2,268 976 
Poliomyelitis, acute anterior..................... 4,496 113 
PSittaGosiay ¢ oa. ie Na cies tit neds ore an ee 64 1 
Rabies, humans? scree Boe a eee ed ae 1 1 
Rheumatic fever, acute (under 21 years of age)... . 232 12 
Salmonella infections (exclusive of typhoid fever)... 997 7 
Shigella infections (bacillary dysentery)........... 1,088 12 
smallpox. (¢variola)': <7 5.54 ee me wea ac eee ae _— — 
Streptococcal infections, respiratory, including 

pearlet fevers i. 2.05.0 60 Secs i 8,391 8 
Syphilis paves, ae te ee vie 3g) dhe 6-0 hist aa eres 6,845 369 
Weteamnis 00. iit dics cis eke alesean 5rd ee eT 47 23 
Tuberectilosis-(all formis)\.:..:>. ; fac» ees os ee 7,904 1,219 
Tulareinia iste 332.5, ooi,4 uso ee 12 — 
Typheed fevets. 353.02. eA ea ee 109 4 





s > wee, State of California, Department of Public Health, Death and Morbidity 
ecords. ; 
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In many instances control of infectious diseases is accomplished most 
readily by breaking the chain through which the parasite is transmitted. 
The infectious agents tend to leave the body by definite routes and to be 
spread by vehicles such as air, water, food, insects, and so on. Similarly, 
the agents tend to enter the host through definite portals, the most fre- 
quent being the respiratory tract (mouth and nose), the gastrointestinal 
tract, and breaks in the superficial mucous membranes and skin. A lim- 
ited number apparently can pass through intact external barriers, while 
others commonly gain entrance to the deeper tissues as the result of the 
bite of an infected or contaminated insect. Major advances in the con- 
trol of the spread of infectious agents have been made in most. instances 
by breaking the chain of spread of particular species through various 
means such as (1) reducing the susceptible population by immunization 
procedures; (2) pasteurization or other treatment of food and drink; 
(3) efficient disposal of wastes and sewage; (4) control of insect or other 
vectors; (5) quarantine or avoidance of crowds or infected persons; and 
(6), in the case of plant diseases, selection of races resistant to the infec- 
tious agent. 

From the public-health viewpoint a classification of the pathogens on 
the basis of the methods by which they are transmitted and of the portal 
of entry into the body, together with an understanding of the organism, 
is of value in combating the spread of infectious agents. The organisms 
pathogenic for man, regardless of their position in the scale of life, can be 
grouped under four broad headings: those most commonly transmitted in 
food or drink, those transmitted in respiratory secretions, those trans- 
mitted by intimate contact with contaminated material or infected indi- 
viduals, or those transmitted by insects. In the ultimate analysis the 
portal and mode of entry of the infectious agent into the host are inti- 
mately associated with biological characteristics of the host and of the 
parasite, and classification along these lines will be employed as a guide 
in the discussion to follow 


INTOXICATIONS AND INFECTIONS TRANSMITTED BY FOOD 
AND DRINK 


In the preceding chapter we considered the more common pathogenic 
species of the Enterobacteriaceae, noting that the organisms of the ty- 
phoid group generally entered the body in contaminated food, water, or 
milk. After reaching the intestinal tract, they frequently invade the 
tissues and may spread throughout the body with the development of a 
generalized infection. Some of the organisms escape from the body in 
urine or feces and can be carried from these sources into the food or drink 
of other persons. Other species of Salmonella rarely produce a general- 
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ized infection in man but do produce a poisoning as a result of the inges- 
tion of large numbers of bacteria, or of their products, in food or drink. 
These bacteria may continue to multiply for a time in the intestinal tract. 
Sufficient irritating or toxic material is liberated to produce clinical 
symptoms generally within 6 to 12 hr. after ingestion of the contaminated 
material. The evolution of the infection is rather slow and is character- 
ized by gastrointestinal upsets, high fever, and general malaise. The 
responsible organism frequently can be isolated from the feces. Recovery 
from the poisoning is usually complete within a few days, the fatality rate 
being very low. 

The principal species of Salmonella concerned in salmonella food poison- 
ing (infection) is S. typhimurium. Other species of Salmonella, however, 
may cause this type of disease. In most outbreaks of this type of food- 
borne infection, the food concerned is meat, fish, or milk, frequently in a 
form such as meat pie, sausages, or puddings which require considerable 
handling in their preparation. Healthy carriers can contaminate the food 
during the course of its preparation; cooking may not be of sufficient 
duration or at a high enough temperature to kill all the bacteria present 
(particularly in the center of a mass of food such as a meat pie), and 
these organisms can grow rapidly in such food if it is not refrigerated. 
In other instances the food may be contaminated by rats or mice which 
are infected with Salmonella species, or the organisms are at times present 
in meat obtained from infected animals. Thorough cooking and imme- 
diate consumption of the cooked food (or proper refrigeration) serves as 
the best method for the control of food-borne infections. 

Food Poisoning. The food-borne infections just mentioned are fre- 
quently spoken of as food poisonings but are caused by bacteria, or their 
autolytic products, transmitted in food, infection or poisoning being fa- 
cilitated by growth of the organisms in the food before it was ingested. 
There are two principal kinds of true food poisoning, a disease in which 
the symptoms are produced by poisonous principles, exotoxins, liberated 
in the food as a result of the activities of the bacteria concerned. These 
are staphylococcus food poisoning and botulism, and they can be pro- 
duced in the body by the ingestion of exotoxin free from bacteria. 

Staphylococei (Micrococcus pyogenes) are always found on the human 
skin, and it is not surprising that they give rise to the most frequent type 
of true food poisoning. The variety aureus is the most common producer 
of the enterotoxin of staphylococcus food poisoning, but the actual toxin- 
producing staphylococci do not fall into any clearly defined group on the 
basis of cultural or biochemical characteristics. All that can be said with 
certainty is that some do, others do not, produce the exotoxin to which 
the human intestine is so sensitive. The ability to produce this entero- 
toxin can be determined by cultivating the strain of staphylococcus under 
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question in semisolid agar in the presence of 20 to 25 per cent carbon 
dioxide and testing sterile filtrates for the presence of the toxin by feeding 
tests in monkeys or in human volunteers. 

Creamy, starchy foods, such as éclairs, cream puffs, or cake fillings, 
salads or sandwiches containing mayonnaise, ham, and tongue are the 
usual source of staphylococcus food poisoning, although other foods can 
also be the source of the poisoning. The food is easily contaminated with 
staphylococci, which will develop in it if the food is allowed to stand for 
6 to 10 hr. in a warm place. During this time the staphylococci can 
produce sufficient toxin to elicit clinical symptoms in man following con- 
sumption of the food. The incu- 
bation period is short, generally 7 
2 to 6 hr., and the onset of the a 
symptoms is rapid and violent, 
with nausea, vomiting, diarrhea, 
and sometimes collapse. Recov- 
ery is generally quite rapid, being 
complete in 24 to 48 hr. Strepto- ett 
cocci have been incriminated in — 
some outbreaks of food poisoning, 
but the general opinion appears to qL ” 
be that they cause a mild enteric fyg 93-1. 
infection rather than a poisoning _ botulinum. 
by a preformed enterotoxin. 

Botulism. This is a rather infrequent but extremely fatal type of food 
poisoning caused by an exotoxin formed during the prior growth of the 
anaerobe, Clostridium botulinum, in food. C. botulinum is a gram-posi- 
tive, peritrichously flagellated rod, 0.5 to 0.8 by 3.0 to 8.0 », with rounded 
ends and central to terminal oval spores. The organism is a strict 
anaerobe, ferments a number of sugars with the production of acid and 
gas, utilizes amino acids primarily by means of coupled oxidation-reduc- 
tion reactions between pairs of amino acids, and has slight proteolytic 
power. Studies of Meyer and others indicate that there are five main 
types, designated A, B, C, D, and E, on the basis of the toxin formed, 
the toxin produced by one type not being neutralized by antitoxins against 
the other types. In the 1948 edition of Bergey’s Manual, two distinct 
species are recognized, C. botulinum and C. parabotulinum, the latter be- 
ing highly proteolytic. Correct classification of this group of organisms 
awaits further work, but they are all characterized by the production of 
closely related, extremely powerful exotoxins, which attack primarily 
nervous tissue after either ingestion or injection. 

C. botulinum is a saprophyte widely distributed in the soil. When it 
gains entrance to neutral or slightly alkaline cooked foods, it can develop 





Gram stain of Clostridium 
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if anaerobic conditions prevail. The spores in many instances are some- 
what heat-resistant, but are destroyed within 4 to 5 min. by steam under 
pressure at a temperature of 120°C, Botulism is not spread by fresh 
foods, all human cases having originated from foods which were improp- 
erly processed, heated either for too short a time or at too low a tempera- 
ture to destroy the spores. The spores germinated on standing under the 
anaerobic conditions in the processed material, and the exotoxin was pro- 
duced during the growth of the organism. Many cases of botulism have 
developed from improperly processed sausages and from canned meats or 
vegetables such as string beans or corn. Commercial canning procedures 
at the present time are based upon the time required to kill the spores of 
this organism. Home-canned, nonacidic foods should always be thor- 
oughly boiled for at least 10 min. before they are consumed if there is the 
faintest indication that spoilage may have occurred, the toxin itself being 
destroyed by boiling. 

The symptoms of botulism frequently develop within 24 hr. of the in- 
gestion of food containing preformed botulinus toxin. This toxin is a 
protein of high molecular weight, approximately 900,000. It passes un- 
changed through the walls of the digestive tract, differing in this respect 
from the toxins of diphtheria and of tetanus, which are not toxic by way 
of the mouth, and reacts with nervous tissue. There is no marked intes- 
tinal upset as observed with other types of food poisoning, and the first 
symptom is generally a disturbance of vision followed by paralysis of the 
eye muscles, of the throat muscles, and general muscular weakness. 
Death is caused in most instances as a result of paralysis of the respira- 
tory center. Although specific antitoxins are available, the disease runs 
such a rapid course and is so well established before it is diagnosed that 
antisera are of little therapeutic value. Effective control consists in the 
proper processing of foods, the details for which can generally be obtained 
from state or county health officials or agricultural extension services, and 
in refusing to taste any foodstuff which appears to have undergone the 
slightest amount of decomposition or change. Several cases of, and death 
from, botulism have been traced to tasting no more than a drop of the 
suspected food. 

Botulism is an intoxication not only of man but also of animals. 
Chickens are frequently fed spoiled foods, and a number of outbreaks of 
botulism in flocks have been traced to this practice. The first symptom 
in chickens is generally a loss of control of neck muscles, hence the name 
applied to this poisoning—limber-neck. Spoiled grass, fodder, and silage 
have been responsible for outbreaks in horses and cattle, and the disease 
has also been recognized in flocks of wild ducks. 

Asiatic Cholera. Cholera is a severe infection (not a poisoning) of the 
intestinal tract and is produced by Vibrio comma, the cholera vibrio. 
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This organism is transmitted in fecal material in a manner similar to the 
other intestinal pathogens. It is a short, comma-shaped, polarly flagel- 
lated, gram-negative organism which, while it ferments a number of 
sugars with the production of acid but no gas, does not grow readily under 
anaerobic conditions. It is particularly characterized by the ability to 
grow in media as alkaline as pH 9.2, an alkalinity inimical to the growth 
of other intestinal parasites. No exotoxin, with the exception of the 
hemolysin produced by the El Tor strain, is produced, and the symptoms 
in man are the result of rapid growth of the bacteria in the small intes- 
tine and the liberation of intracellular constituents with toxie properties. 
A toxic polysaccharide-lipide complex identified with the somatic O anti- 
gen, a toxic protein fraction, and a fever-producing fraction have been 
isolated from the organism. 

Mild cases of cholera cannot be distinguished readily from mild attacks 
of food poisoning by staphylococci or salmonella food infections, diagnosis 
being made on the finding of cholera vibrios in the stools. Frequently 
the symptoms are more pronounced, the endotoxins destroying large areas 
of the intestinal walls, causing them to be shed in small flakes. As a 
result of this breakdown of tissue, considerable quantities of body fluid 
flow into the intestinal tract. This combined action gives rise to the rice- 
water stools characteristic of the disease. The organism shows little or no 
tendency to invade the body proper. It can be readily identified in the 
stools because of the large numbers of vibrios present and the previously 
mentioned fact that it can be cultivated on a highly alkaline medium 
inhibitory to most fecal species. 

The control measures are the same as for typhoid and paratyphoid 
fevers, purification of water supplies being the most important single 
measure. Immunization with properly prepared vaccines appears to be 
of considerable value for the protection of individuals in areas where 
cholera is endemic or is present in epidemic form. Human or animal 
carriers do not appear to be involved in the spread of this disease, the 
vibrios apparently being maintained in individuals with unrecognized 
(subclinical) cases of the disease. 

Brucellosis. Brucellosis is primarily a disease of goats, cattle, and 
swine which ean be transmitted to man by direct contact with infected 
animals or by consumption of their milk or milk products. Infection 
in animals generally produces few symptoms other than abortion, but 
the animals may harbor the organisms over a long period of time and 
secrete them in their milk. Man is quite susceptible to infection with 
Brucella, but the majority of infections appear to be so mild as to pass 
unrecognized. Agglutination and specific allergic (brucellergen) tests, 
however, are positive in many adults. The causative organisms pass 
through the intestinal mucosa and invade the tissues, local or focal lesions 
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being produced in various parts of the body. The infection in many 1n- 
stances is characterized by an undulating type of fever in man, hence the 
common name undulant fever for the disease. It is also known as Malta 
fever since the disease is prevalent in goats and in man on the island of 
Malta, and the causative agent, Brucella melitensis, was first isolated 
there by Bruce. Two other species have been isolated from cattle and 
from swine. It has been suggested that these species, B. melitensis, B. 
abortus, and B. suis, originated from one original species on adaptation to 
cattle, goats, and swine. The brucellae are small, gram-negative, aspo- 
rogenous, nonmotile coccobacilli of the family Parvobacteriaceae. They 
are exacting in their growth requirements, growing most readily on liver- 
infusion broth or on meat-infusion broth enriched with blood. It is of 
interest that the species can be differentiated on the basis of suscepti- 
bility to the bacteriostatic action of certain dyes. The growth of B. 
abortus is inhibited by thionine and that of B. swis by basic fuchsin, while 
B. melitensis is not inhibited by the same concentrations of the two dyes. 
The three species possess two antigens in common, the relative amounts 
of each varying with the species. 

Since brucellosis occurs in areas where infectious abortion of cattle or 
hogs is endemic or where goats are infected, the best method of control is 
to eliminate the infection from the animal herds. This is not always 
easy to accomplish, and the easiest way to reduce greatly the incidence of 
the disease in man is to pasteurize all milk before it is used for drinking 
purposes or converted into dairy products. Occasional cases will occur 
in animal handlers, since the organism can be transmitted by direct con- 
tact as well asin milk. The brucellae are somewhat resistant to the sulfa 
drugs, but streptomycin and the tetracyclines are of value as therapeutic 
agents. They are difficult to eradicate because of their intracellular 
location. 


THE RESPIRATORY GROUP 


The moist, warm mucous membranes of the mouth and throat support 
an abundant and varied population of microorganisms, numerous species 
of cocei, rods, and spirilla as well as yeasts, molds, and protozca having 
been isolated therefrom. Some of these organisms were no doubt con- 
taminants, having gained entrance in food or drink, and would not become 
established in the competition for existence in this area. Many are nor- 
mal inhabitants, and a few are pathogenic species which, unless they gain 
entrance to, and establish themselves in, deeper tissues, live a primarily 
parasitic mode of life. 

Both aerobic and anaerobic species are present on the gums and between 
the teeth. One prevalent concept is that the acid-producing bacteria, 
particularly the lactobacilli, around the teeth produce sufficient acid to 
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eat through the enamel, exposing the dentine layer. Other bacteria may 
be involved in further decay of the teeth. Bacteria also gain entrance 
into the gums and at times establish foci of infection or abscesses around 
the root, or in the root canal, of a tooth. At times a more generalized 
infection is established with chronic inflammation about the roots of the 
teeth and with damage to the bone structure, the teeth eventually becom- 
ing loose in their sockets. This infection, which may be caused by dif- 
ferent species of bacteria, is known as pyorrhea. At times a mixed popu- 
lation, consisting of spirochetes, fusiform bacilli (long, slender, tapering, 
gram-negative rods), vibrios, and cocci, becomes established in an ap- 
parently symbiotic relationship. A redness or congestion develops in the 
entire oral cavity, giving rise to a condition commonly known as trench 
mouth. A more common form of this fusospirochetal symbiotic infection 
develops on the gums or tonsils, giving rise to the condition known as 
Vincent’s angina. 

Other bacteria, particularly streptococci and staphylococci, may pro- 
duce an infection of the tonsils known as tonsillitis. In other instances 
inflammation of the pharynx (pharyngitis, or just plain sore throat) 
develops as the result of invasion of the local tissues by bacteria, gen- 
erally hemolytic streptococci. In a few instances, particularly in chil- 
dren, yeast-like fungi (Candida albicans or Geotrichum candidum) give 
rise to an infection in the mouth known as thrush. At times localized 
lesions caused by specific microorganisms develop im the tissues of the 
oral cavity, e.g., a primary syphilitic lesion. From such a lesion the or- 
ganisms may spread to other parts of the body, giving rise to a more 
generalized infection. The streptococci and the diphtheria bacillus illus- 
trate the pathogens which give rise to specific infections in the mouth and 
throat and which may spread or produce marked effect in other parts of 
the body. 

The Streptococci. The genus Streptococcus of the family Lactobac- 
teriaceae consists of many varieties of gram-positive, spherical bacteria 
that grow characteristically in chains. The streptococci are rather fas- 
tidious in their growth requirements and do not grow as readily, or 
remain viable as long, as coliform bacteria or the staphylococci. They 
ean be roughly divided into two subgroups, the saprophytes and the para- 
sites. The lactic acid streptococci of milk and the enterococci are the 
common members of the first group, while the hemolytic (beta type) and 
viridans (alpha hemolytic) groups of streptococci contain the pathogenic 
species. By means of agglutination and precipitation tests devised by 
Lancefield, Griffith, and others, the hemolytic streptococci can be divided 
into at least nine groups (A through K, omitting J) with a number of 
types, particularly in group A which contains most of the species patho- 


genic for man. 
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The alpha, or viridans, type of streptococcus, those which produce a 
brownish-green discoloration on blood agar, are primarily opportunists 
of low virulence and are therefore more commonly found in localized or 
mild infections. S. salivarius, an alpha-hemolytie species, does, however, 
appear to be responsible for practically all cases of subacute bacterial 
endocarditis. The beta-hemolytic streptococci, those whose colonies on 
blood agar are surrounded by a clear zone in which hemolysis is complete, 
contain the more important human pathogens. These streptococci were 
given species rank in earlier classifications on the basis of infections pro- 
duced but now are considered as various types of one species, Streptococcus 
pyogenes. The following diseases are commonly ascribed to the various 
types of S. pyogenes comprising group A of the Lancefield classification: 


Infections of teeth, tonsils, and sinuses 
Infections of wounds 

Erysipelas, an inflammatory disease of the skin 
Puerperal sepsis, or childbed fever 
Bronchopneumonia 

Septic sore throat 

Scarlet fever 

Rheumatic fever 


Streptococci are so versatile in their attacks that the same strain may 
give rise to different types of infection in different individuals, e.g., in one 
person to septic sore throat, in another to scarlet fever. The resistance 
of the host, including both general factors and immune bodies, does, how- 
ever, influence the nature of the infection produced. 

Septic Sore Throat. Epidemics of septic sore throat are frequently 
milk-borne, the streptococci coming either from milk handlers or from 
healthy carriers. Since the streptococci can grow readily in milk, the 
contaminated milk may serve as a source both of large numbers of bac- 
teria and of the toxins which the streptococci produce. At least five 
exotoxins or toxic manifestations of cell-free filtrates can be demon- 
strated: hemolysin; leucocidin, which destroys leucocytes; fibrinolysin, 
which lyses fibrin clots; hyaluronidase, or the spreading-factor enzyme, 
which may facilitate spreading; and the erythrogenic, or skin-reddening, 
factor. Some streptococci may also produce a lethal factor, apparently 
not a true toxin. The streptococcus of septic sore throat is of the same 
type as the type responsible for scarlet fever, 

Scarlet Fever. This disease is primarily one of childhood and, like 
other streptococeal infections, may vary markedly from mild to very 
severe cases in different individuals. A scarlet-fever strain of S. pyogenes 
becomes established in the throat and forms exotoxins which, when 
absorbed into the blood, cause the fever and skin rash of scarlet fever. 
In this respect the disease is much like diphtheria, the organisms tending 
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to remain localized in the throat while their toxin poisons the whole body. 
One attack generally confers a lasting immunity against scarlet-fever 
toxin but not against the causative streptococcus itself, hence an indi- 
vidual can develop repeated infections of the throat (septic sore throat) 
by the same strain of S. pyogenes, no lasting immunity being developed 
against the organism itself. It is possible to immunize man against the 
searlet-fever toxin, but for best results the toxin itself rather than a 
toxoid must be used. For this reason immunization is employed only in 
individuals frequently exposed to the disease. The Dick test, mentioned 
in Chap. 21, is useful in determining 

resistance or susceptibility to scar- 

let-fever toxin. A reaction at the 

site of injection of a minute amount ™. 
of the toxin indicates lack of anti- 

bodies capable of neutralizing the J .*""*-"""} 

toxin. Penicillin is of most value in *. ee 
the control of scarlet fever and other 

strains of the group A, B-hemolytic 
streptococci, and has markedly re- 

duced the severity of, and fatalities ~~” ; 
from, streptococcus infections. Anti- Fi Nene ! 
biotic sensitivity tests should be the 
guide for antibiotics against other 
streptococci. Fic. 23-2. Gram stain of Streptococcus 

Pneumonia. By pneumonia is _ pyogenes. 
meant an inflammation of the lungs, 
occasionally caused by S. pyogenes, Micrococcus pyogenes, Klebsiella 
pneumoniae, Hemophilus influenzae, or other bacteria, but most com- 
monly the result of infection produced by the pneumococcus, Diplococcus 
pneumoniae. The pneumococcus (see Figs. 3-6 and 20-2) is a fairly 
large, gram-positive coccus, somewhat lance-shaped in appearance and 
generally encapsulated, only the encapsulated strains being virulent. The 
pneumococci are closely related to the streptococci in their nutritional 
requirements and are alpha-hemolytic on blood agar but differ in their 
appearance in smears, the pneumococci generally occurring in pairs rather 
than in chains. A fundamental difference between the pneumococci and 
the streptococci is that the former are soluble in bile while the latter are 
not, this behavior being employed as a rapid method for distinguishing 
between the two genera in the laboratory. 

The general course of pneumococcus pneumonia was described in Chap. 
20 and will not be discussed further. It is one of the more common in- 
fectious diseases of man, is spread primarily by droplet infection, and 
no lasting immunity is developed against the pneumococci as a group 


~~ 
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nor against the specific type involved in a pneumococcal infection. The 
organism is frequently found in normal throats and tends to invade the 
lungs when local or general resistance of the individual is lowered. The 
infection does not tend to spread to other parts of the body to the extent 
commonly observed with the streptococci, but pneumococci can be recov- 
ered at times from the blood stream. Like the streptococci, and the cocci 
in general, D. pneumoniae is susceptible to penicillin, other antibiotics, 
and the sulfa drugs. 

Meningitis. Meningitis is an inflammation of the meninges, the mem- 
branes which cover the brain and spinal cord, and is commonly caused 
by D. pneumoniae, S. pyogenes, Hemophilus influenzae (the “influenza” 
bacillus), or the meningococcus, Neisseria meningitidis. The latter or- 
ganism is the cause of the severe epidemics of cerebrospinal meningitis. 
NV. meningitidis is a small, coffee-bean-shaped, gram-negative diplococcus 
which is strictly parasitic in habit and quite exacting in its growth re- 
quirements. Many individuals are carriers of the meningococcus, and it 
is difficult to explain why the species at times apparently becomes in- 
vasive and then tends to localize in the meninges. The cells probably 
set up a local inflammation in the nasopharynx, invade the blood stream, 
and finally become established in the cerebrospinal tract. Sometimes the 
infection is primarily one of the blood stream alone, and a typical bac- 
teremia is the result, a rash developing in severe cases and giving rise to 
the name spotted fever for this type of infection. One of the mysteries 
of medical bacteriology is the tendency for most pathogens to localize 
selectively in organs or tissues in the body, tissues upon or in which they 
are not normally parasitic. 

The meningococcus and the closely related gonococeus differ from the 
other pathogenic cocci in being gram negative in staining characteristics. 
Fortunately for man, these cocci are more susceptible than most gram- 
negative bacteria to the sulfa drugs and to antibiotics, although they do 
tend to develop resistance against these agents quite readily. One strange 
fact is that some streptomycin-resistant strains have been isolated from 
laboratory cultures and will grow only when streptomycin is present in 
the culture medium. Other gram-negative diplococei are commonly found 
in the mouth and on mucous membranes, and these parasitie but gen- 
erally nonpathogenic Neisseria are somewhat difficult to differentiate from 
the pathogenic species. In general, the differentiation is made on the 
ability of the nonpathogens to grow more readily on ordinary media, on 
the basis of sugars fermented, according to the type of colonies produced, 
and on the basis of specific agglutination tests. Pathogenicity may be 
associated with the possession of specific antigenic components, but this 
alone does not suffice to explain why one organism is able to invade the 
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deeper tissues while closely related species are harmless parasites. This, 
as was also emphasized above, remains as one of the most puzzling prob- 
lems in the microbiology of infectious disease. 

Diphtheria. Diphtheria rather closely resembles scarlet fever in that 
many of the symptoms of the disease are the result of the action of an 
exotoxin produced by the organism, which tends to remain localized in 
the throat. Diphtheria was formerly one of the most dreaded of the 
infectious and contagious diseases, but it has been brought under control 
as the result of the development of an effective immunization procedure. 
Immunization is directed against the exotoxin and not against the diph- 
theria bacillus, Corynebacterium diphtheriae. This is one of the few 
pathogenic bacteria which can be recognized fairly readily by its appear- 
ance in stained preparations under the microscope. C. diphtheriae (see 
Fig. 2-10) is a relatively long, slender, nonmotile, nonencapsulated, gram- 
positive rod which is rather pleomorphic in form. The rods are fre- 
quently slightly curved and irregular, often with clubbed ends, and tend 
to stain irregularly with dye solutions such as Loeffler’s methylene blue. 
Metachromatic granules are generally evident, and barring is frequently 
prominent, the cells appearing to be transversed by bands or bars which 
do not stain readily. This appearance may be the result of a multi- 
cellular state as suggested by Bisset. At times the organisms appear to 
branch, and for this reason they, together with the Mycobacterium, were 
classified with the Actinomycetales. In the sixth edition of Bergey’s 
Manual the diphtheria bacteria were placed in a separate family, the 
Corynebacteriaceae, under the Eubacteriineae. The diphtheria bacilli 
are less exacting than the streptococci and meningococci in their growth 
requirements but do grow more readily upon enriched media than upon 
plain nutrient agar. Loeffler’s medium, a glucose-infusion broth in co- 
agulated beef serum, serves as an excellent menstruum for the growth of 
this bacterium and is frequently employed for its isolation from suspected 
eases or carriers. A blood-agar medium containing tellurite is also em- 
ployed for the isolation of the diphtheria organism, the tellurite inhibiting 
the growth of some bacteria present in the nose or throat. C. diphtheriae 
reduces tellurite and as a result of this reaction produces characteristic 
dark-gray or black colonies on tellurite medium. 

Diphtheria-like bacteria, called diphtheroids, are frequently present in 
normal throats but have no practical significance except that they can 
be confused with the diphtheria bacillus. As a rule, the nonpathogenic 
species, C. pseudodiphthericum and C. rerosis, are not as slender as C. 
diphtheriae and show less tendency to form metachromatic granules or 
to stain unevenly. They can also be differentiated on the basis of fer- 
mentation reactions, C. xerosis fermenting both glucose and sucrose with 
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acid production, C. diphtheriae fermenting glucose only, and C. pseudo- 
diphthericum being a nonfermentative organism. Two other genera are 
recognized in the family Corynebacteriaceae, Erysipelothrix and Listeria, 
but are of limited pathogenic importance. £. rhusopathiae is the cause 
of swine erysipelas and L. monocytogenes of a disease of rabbits in which 
there is a great increase in the numbers of monocytes (mononuclear leuco- 
cytes). The latter organism is at times the cause of infection in man. 

Diphtheria is an acute infection of the throat and is accompanied by 
a severe toxemia, elicited by the 
potent diphtheria exotoxin. Sever- 
ity of the disease can be greatly 
reduced by the therapeutic use oi 
antitoxin, which is generally pre- 
pared in horses. The organisms 
vive rise to an inflammation of the 
mucous membranes in the throat. 
Fibrin is exuded from the affected 
tissues and forms an _ adherent 
white coagulum, known as a “false 
membrane,” which is rather char- 
acteristic of diphtheria infection. 
Since similar “membranes” are 
present in other infections of the 
throat, it is necessary to demon- 
strate the presence of diphtheria 
bacteria in smears or cultures made 
from the membrane. 

Immunity to diphtheria can be 
determined in man by means of the Schick test, in which a minute 
amount of the diphtheria toxin is injected into the skin. The toxin is 
neutralized by antitoxin in the blood of immune individuals, nonimmunes 
exhibiting an inflammation at the site of the injection. Children should 
be immunized at an early age against diphtheria toxin, immunity being 
established following the injections of small amounts of formaldehyde- 
detoxified toxin (toxoid), which is generally purified to some extent and 
at the same time made more reactive by precipitation with alum. The 
use of synthetic media rather than complex broths for the production 


of diphtheria toxin has also led to the production of purer toxins and 
toxoids. 





Fia. 23-3. Emil von Behring, discoverer 
of antitoxin against diphtheria toxin. 


In the past few years there has been considerable increase in knowledge 
concerning the exotoxin of diphtheria. It appears to be the protein con- 
stituent of an iron-containing respiratory enzyme, the toxin apparently 
interfering with a metal-containing enzyme in the host. The reaction 
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occurs primarily in certain nerves and heart muscle, and the inference is 
that these tissues may be rich in the particular enzyme or enzymes con- 
cerned in the reaction. It was observed that the amount of toxin produc- 
tion is in part a function of the amount of iron in the culture medium, 
maximum toxin production occurring at an iron concentration below that 
which supported maximum growth of the diphtheria bacterium. In an 
iron-deficient medium, the cells synthesize porphyrin and toxin, but since 
iron sufficient to unite all of the protein toxin and the porphyrin is not 
present, free porphyrin and free toxin escape into the medium. When 
iron is present in quantities sufficient to support maximum growth, it is 
taken up by the cells, and more of the toxin-porphyrin complex is formed. 
This results in a diminution in the amount of toxin excreted into the 
medium. Pappenheimer has concluded from studies of this nature that 
diphtheria toxin is the protein moiety of an iron-containing respiratory 
enzyme present in C. diphtheriae. Fundamental studies of this type pro- 
vide information concerning the nature and mode of action of substances 
associated with the virulence of pathogenic bacteria and will lead in time 
to a fuller understanding of the nature of infectious diseases. They also 
support the concept earlier advanced (Chap. 20) that pathogenic micro- 
organisms have not evolved with intent to do damage to their host and 
that instead pathogenicity is more an evidence of bungling on the part 
of the parasite, certain constituents of cellular substance being toxic for 
certain other types of cells. 

Tuberculosis. Tuberculosis is generally an infection of the lungs (pul- 
monary tuberculosis), but the organism, Mycobacterium tuberculosis, can 
and frequently does produce infection in the lymph glands, bones and 
joints, skin, or in fact in almost any part of the body. This baeterium 
is not a true bacterium of the suborder Eubacteriineae but instead is 
classified in the order Actinomycetales. Actually the tubercle bacilli 
have much in common with the true bacteria, but they do form a transi- 
tion group between the Corynebacteriaceae and the actinomycetes, both 
in morphology and in staining reactions. The mycobacteria are char- 
acterized in part by the fact that they are acid fast in their staining 
properties, a property also shared by some of the actinomycetes. A 
number of saprophytic species are known, the important species patho- 
genie for man being M. leprae (the leprosy bacillus) and M. tuberculosis. 
The mycobacteria tend to be long, slender, slightly curved, gram-positive 
rods which frequently stain unevenly. They are not motile and do not 
form spores or capsules. In smears they frequently bunch together in 
groupings much like bundles of sticks. Most species are not particularly 
exacting in their growth requirements (particularly true of M. tubercu- 
losis), but many tend to grow very slowly on laboratory media. They 
frequently show dull wrinkled colonies on agar and tend to form pellicles 
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on liquid media, the latter partly because of their high fat or wax con- 
tent and their aerobic type of metabolism. 

There are four distinct types of tubercle bacilli, the human and bovine 
types being included as varieties hominis and bovis in the species M. 
tuberculosis, while the avian (bird) and cold-blooded types are given 
species rank. M. avium is the species infective for birds. A number of 
species are parasites on cold-blooded animals such as fishes, turtles, 
snakes, and frogs, in which they produce a disease resembling tubercu- 
losis. Man is subject to infection with either the human or bovine varie- 
ties, the former being the main cause of pulmonary tuberculosis, while 
the latter is more frequently involved in primary abdominal tuberculosis 
or in infections of the bones, joints, or lymph glands. The human variety 
is commonly spread by means of droplet infection, the bovine variety in 
milk from infected cattle. The spread of the latter type can be greatly 
reduced by the eradication of tuberculous cattle and by the pasteurization 
of milk, time and temperature of pasteurization being based on the rela- 
tionship between these two factors in the lethal effect of heat on the 
tubercle bacillus. 

The growth of tubercle bacilli within the tissues gives rise to the for- 
mation of characteristic nodules called tubercles. These arise from col- 
lections of phagocytic cells containing tubercle bacilli in the living state. 
In time the host develops a hypersensitivity to constituents of the bac- 
terium, resulting in a marked reaction between the tissue cells and the 
bacteria. The body defenses attempt to wall off the infected areas with 
the formation of a thick envelope of fibrous tissue. As the struggle 
continues between the host and the parasite, the tuberele gradually 
enlarges, and cells in the interior die, giving rise to a soft, cheesy mass. 
If the host gains advantage, lime salts are deposited in this cheesy mass, 
and a firm wall of scar tissue is deposited around the entire mass. 
Tubercle bacilli may remain viable in tubercles for many years and later 
spread to other parts of the body. These calcified tubercles are observed 
in a large percentage of individuals in post-mortem examinations, indi- 
eating that a high proportion of apparently nontuberculous individuals 
had been subject to tuberculous infection at some time during their lives. 

In the lungs or other organs, many tubercles appear when the organ- 
isms are active; the tubercles enlarge and coalesce, and destroy the 
normal tissues. In many instances much of the normal tissue may be 
consumed, and cavities appear in the affected organs, henee the popu- 
lar term consumption, which so well describes a severe infection. The 
struggle between the host and the parasite is frequently a long one, the 
bacterium multiplying slowly but steadily and being fairly skilled in 
maintaining itself in comparison with most pathogenic species. Adequate 
rest and a well-balanced diet greatly aid the host in its struggle and, in 
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facet, are also protective measures against tuberculosis. This disease is 
most prevalent in undernourished, poorly housed populations and tends 
to flare up when conditions such as war or major economic depressions 
lower the living standards of man. 

X-ray examinations are of value in the detection of tuberculosis, and 
diagnosis can be made on finding tubercle bacilli in smears or cultures 
made from sputum, gastric washings, urine, or other suspected material. 
The tubercle bacilli are sensitive to streptomycin and isonicotinic acid 
hydrazide, a combination of the two drugs being more effective than either 
alone, particularly because there is much less chance for drug-resistant 
strains to develop. Tuberculosis is one of the major infectious diseases 
of man today, over 80,000 new cases being reported annually in the 
United States along with around 15,000 deaths per year. Vaccines, par- 
ticularly BCG, appear to have some value, but effective ones are rather 
difficult to prepare. The most effective control measures involve preven- 
tion of spread directly from infected persons or through milk from in- 
fected animals. The tuberculin test is of value in demonstrating the lack 
of resistance (susceptibility) to tuberculosis, but a positive test is not 
diagnostic since it indicates a hypersensitivity resulting either from past 
or present infection or even exposure to the organisms. 

Whooping Cough. This disease is the result of a heavy infection of 
the bronchial tract with Hemophilus pertussis, a member of the family 
of small bacteria, the Parvobacteriaceae. The hemophilic, or blood- 
loving, bacteria are a group of small, gram-negative rods characterized 
by the fact that they grow most readily when blood is added to nutrient 
agar, blood supplying essential growth factors. H. pertussis is a short, 
oval, gram-negative rod with a tendency to exhibit bipolar staining. 
Smooth, virulent strains are encapsulated. It is an aerobic organism of 
low metabolic activity as compared with most bacteria and is a strict 
parasite. 

Whooping cough begins much like an ordinary cold, but in a period of 
7 to 10 days the characteristic “whoop” develops, being caused by the 
effort of the infected individual to get his breath after a fit of coughing. 
The organisms are present in large numbers in the droplets expelled during 
coughing and can be demonstrated by means of a “cough plate.” This is 
made by holding a glycerol—potato—blood agar plate open in front of the 
mouth during a coughing spell. The organism of whooping cough de- 
velops characteristic, small colonies on this medium on incubation for 24 
to 48 hr. at 37°C. The pertussis bacteria have no marked poisonous 
properties, the symptoms of the disease commonly being caused by the 
very heavy growth of the organism on the mucous membranes of the 
throat and in particular of the bronchi and bronchioles. The bacterium 
has little or no invasive powers but, particularly in young children, may 
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give rise to a bronchopneumonia. Most adults are immune, the immunity 
being due primarily to their having had the infection during childhood. 
Immunization with killed bacteria or with mechanically disrupted cells 
is of value in the prevention of the disease in children, or in greatly re- 
ducing the severity of the infection. 

The vaccine commonly is given in conjunction with tetanus and diph- 
theria toxoids. Hyperimmune globulin injected early in the course of the 
infection reduces the severity of the disease and can also be used as a 
passive prophylactic measure. H. pertussis is susceptible to many of the 
antibiotics, which do tend to shorten the course of the disease. Their 
major value, however, is that they diminish the incidence of secondary 
infections and of pneumonia. 

Virus Infections: The Common Cold and Influenza. A number of 
infectious diseases of the respiratory tract are caused by filtrable viruses 
and organisms such as Miyagawanella psittacu (commonly spoken of as 
psittacosis virus) on the border line between the smaller viruses and the 
bacteria. Still other viruses enter the body by way of the respiratory 
tract but commonly invade deeper tissues, the virus of poliomyelitis 
serving as an example of this group. These viruses leave the body by 
way of the respiratory tract, or they may be transmitted from skin lesions 
or in excreta and may possibly gain entrance to the body by routes other 
than the respiratory tract. The latter, however, appears to be the most 
common portal of entrance, and such viruses as mumps and poliomyelitis 
are. arbitrarily considered here. 

The virus or viruses that cause the common cold constitute one of the 
most important plagues of man. Little is known concerning the agent 
involved; much of the evidence for its being a filtrable virus is of indirect 
nature, although recent studies quite definitely indicate that it is a small 
virus. The typical “cold” develops rapidly, after an incubation period 
of 24 to 48 hr., with congestion of the nasopharynx and copious watery 
discharges from nasal and conjunctival mucous membranes. This watery 
discharge persists for 24 to 48 hr., being replaced by a thick discharge 
containing large numbers of those bacteria commonly present in the nose 
and throat. Infection with the virus apparently weakens local tissue 
resistance to such an extent that the opportunists can invade local tissues, 
multiply, and elicit a marked inflammatory response. In fact, many of 
the symptoms of a common cold can be caused by a mixture of bacteria, 
and it is difficult to differentiate clinically between a viral cold, an acute 
bacterial infection of the upper respiratory tract, and a mild case of 
influenza. No lasting immunity is built up against the cold Virus, most 
individuals having two to three colds ayear. This suggests the existence 
7 apron | Verdin. Doha. antigen: structure, but proof 
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of the lungs by other bacteria, and pneumonia is at times a result of the 
activity of secondary invaders. The cold virus in particular appears to 
be able to upset readily the normal ecological balance in the upper respira- 
tory area, although fatigue, chilling, emotional upsets, and other factors 
ean also do so, paving the way for enhanced bacterial growth and cold- 
like symptoms. This suggests the complicated relationships influencing 
the normal balance between a parasite and its host and the result of a 
slight change in this biological balance of forces. 

It has been definitely established that influenza is induced by a virus. 
Three distinct types, A, B, and C, are recognized, and there is evidence 
that there are other types or subtypes. The influenza virus is spherical 
to bean-shaped, with a diameter near 100 mp. Electron micrographs sug- 
gest that these viruses are organized bodies surrounded by a limiting 
membrane, but they have never been cultivated away from living tissues. 
A “soluble” particle around 10 mp in diameter is associated with multi- 
plication of the influenza viruses, but the soluble substance is not infec- 
tious by itself. 

Influenza virus invades and destroys epithelium in the upper respiratory 
tract, and the disease is characterized by greater debility of an infected 
individual than is noted with the common cold. Uncomplicated influenza 
is a relatively mild disease with few respiratory symptoms unless accom- 
panied by secondary invasion by cocci or by Hemophilus influenzae, once 
thought to be the bacterium causing influenza in man. Immunization 
with treated preparations of the prevalent type of the virus cultivated 
on the chorioallantoic membrane of chick embryos is of transient value 
in the control of influenza. The virus tends to alter in its antigenic struc- 
ture quite readily and, therefore, the available vaccines may offer little 
or no protection against the new type or subtype. 

Among military recruits within the United States during the Second 
World War, an acute pneumonitis was recognized as being caused by a 
virus, and the disease was designated primary atypical pneumonia. Since 
then a number of similar viruses have been recognized. The viruses are 
commonly found in adenoid and tonsil tissues, give rise to mild respiratory 
infections or febrile catarrhs, are also causative agents for a conjuctivitis, 
and are noninfectious for laboratory animals but will multiply in tissue 
cultures. The viruses all appear to be around 90 my in diameter and are 
commonly spoken of as the acute respiratory-disease (ARD) or advino- 
virus group. Eleven or more antigenic types have been recognized, type 
4 being responsible for the primary atypical pneumonia mentioned above. 

Another group of viruses, the Coxsackie group, causes fever and sore 
throat, among other symptoms, and often the causative virus can be iso- 
lated from throat washings. Later on during the course of the illness, 
the virus may be found at times in the blood and more commonly in 
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stools. At least 24 antigenic types have been recognized. They appear 
to fall into two distinct groups (A and B), and are relatively small 
viruses, approximately 25 to 35 mp in diameter. They cause a variety 
of minor illnesses, some of which (summer minor illnesses) occur pri- 
marily during the warmer months of the year. These viruses are recog- 
nized most readily by the symptoms they induce in newborn mice and 
by serological tests. These viruses appear to be rather widespread and 
are of minor importance in that few or no fatalities have been attributed 
to infection with viruses of the Coxsackie group. 

Other viruses are recognized from time to time, e.g., the enteric cyto- 
pathogenic human orphan (ECHO) viruses. These viruses may cause 
an aseptic meningitis like that induced by the Coxsackie viruses, but the 
two groups are distinct from each other. They have been isolated at 
times from children suspected of having nonparalytic poliomyelitis. 

Measles. Measles (rubeola) is one of the most infectious specific in- 
fections of man. Most cases appear in children, the majority of adults 
having had the disease during their childhood and having developed a 
relatively permanent resistance to the infectious agent. The causative 
agent is a filtrable virus about which relatively little is known. It is 
present in the blood stream and respiratory secretions early in the course 
of the disease and in the skin rash which develops after the respiratory 
symptoms have appeared. Measles by itself is not a very severe disease, 
but, like influenza, it appears to lower resistance to the gram-positive 
cocci and to the influenza bacillus. Gamma globulin is of value both as 
a prophylactic and as a therapeutic measure. German measles (rubella), 
an infection somewhat related to measles, is a milder disease and, like 
measles, is a disease primarily of childhood. Rubella, however, during 
the first few months of pregnancy, can induce abnormalities of the fetus. 
A high degree of immunity is developed but not of the grade observed 
with true measles, since reinfection does occur in some individuals. 

Psittacosis. This is a disease naturally occurring in birds which is 
readily transmitted to man from infected birds, or occasionally from man 
to man. It is caused by one of the larger filter-passing agents, between 
200 and 300 mp in diameter. The virus bodies can be seen as faintly 
staining coccal or bacillary forms in appropriately prepared smears. They 
appear to multiply by binary fission and to pass through a eycle of de- 
velopment involving globoid bodies several microns in diameter. Upon 
rupture of the globoid body a large number of the elementary forms are 
released, and these are infectious for other cells. The virus appears to 
be susceptible to large doses of penicillin or the tetracyclines, another 
factor suggesting its close relationship with the bacteria. 

Mumps. Mumps is characterized by an inflammation and swelling 
of the salivary glands, although the infection can involve other glands, 
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particularly the reproductive glands in the adult male. The virus is rela- 
tively large, electron micrographs suggesting a coceal form near 170 mu 
in diameter. Little is known about the nature of this agent. It has been 
successfully cultivated in the developing egg. An attack of the disease 
confers a relatively lasting immunity, and attempts are being made to 
develop a vaccine. The use of immune serum of high titer appears to 
have some value as a prophylactic measure and also to some extent thera- 
peutically, in particular inhibiting the spread of the virus to the testes in 
the male. 

Poliomyelitis. This disease, commonly known as infantile paralysis, 
is one of the dreaded infections of man because of the more or less per- 
manent damage which can be produced in the limbs as the result of nerve 
and muscle impairment. Actually, the incidence of the crippling infection 
is relatively low when compared with the common childhood diseases such 
as measles, mumps, and chicken pox. It is believed that the virus enters 
the body by way of the respiratory or digestive tract and may remain 
there, giving rise to nonrecognized cases; or it may enter nerve cells and 
migrate to the brain and spinal cord with or without marked production 
of paralysis of different groups of muscle. 

Poliomyelitis virus is one of the smaller filter-passing agents, being 
about 30 mp in diameter (see Fig. 7-11). Relatively little is known con- 
cerning the actual nature of this agent, although it has been obtained in 
highly purified form and appears to be a nucleoprotein. Certain strains 
of the virus have been cultivated in the past few years in the developing 
hen’s egg and in embryonic tissue growing in vitro. No effective thera- 
peutie agent has been found to prevent the development of the infection 
once it is recognized, but the Salk vaccine, prepared by formaldehyde 
inactivation of the three major types of the virus grown in monkey kid- 
ney tissue culture (see Figs. 7-9 and 7-10), appears to be effective as a 
prophylactic measure; mass immunization of the younger population and 
pregnant mothers has been attempted. 

Miscellaneous Infections. We have considered the more important 
pathogenic agents which produce infections of the respiratory tract or 
which commonly enter the body by way of this tract. Other organisms 
do at times cause respiratory infections. Infections of the lungs can be 
caused by bacteria other than those mentioned here. For examples, pneu- 
monic plague and woolsorter’s disease could suffice. The Black Death, 
or bubonic plague, was formerly one of the great scourges of mankind. 
This is generally an infection of various glands or lymph nodes by Pas- 
teurella pestis, but this bacterium does at times produce an infection of 
the respiratory tract, pneumonic plague, which is highly fatal. Bacillus 
anthracis generally produces localized skin infections or a bacteremia in 
man, but the spores may be inhaled and give rise to a highly fatal in- 
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fection of the lungs. This is most frequent amongst handlers of wool or 
of hides obtained from animals in areas where anthrax is prevalent, hence 
the name woolsorter’s disease. Lung infections may also be caused by 
species of the higher fungi, particularly from the genera Actinomyces, 
Aspergillus, and Blastomyces. 

The yeast-like organism Coccidioides immitis is of considerable bio- 
logical interest in that it resembles yeasts or Blastomycetes in the tissues, 
while the growth on culture media is similar to that of typical molds. 
C. immitis does not bud in the tissues but develops spherical, thick-walled 





Fig. 23-4. Endospores in a sporangium of Coccidioides immitis in body tissue. (Cour- 
lesy of Charles Smith.) 


bodies 15 to 80 » in diameter (see Fig. 23-4). These cells, when mature, 
are filled with small endospores 2 to 5 » in diameter. When the spherules 
rupture, the spores are disseminated and can give rise to the development 
of new spherules, the immature cells containing no endospores and in ap- 
pearance closely resembling Blastomyces dermatidis. On Sabouraud’s 
agar a flat, membranous colony develops and becomes covered with an 
aerial mycelium, cottony in appearance. These mycelial growths break 
up into numerous thick-walled arthrospores (see Fig. 23-5) which are 
readily dislodged and frequently spread the infection in the laboratory. 

Coceidioidomycosis is probably a dust-borne infection and is most 
common in the San Joaquin Valley in California and in other semidesert 
areas of the southwestern United States. It commonly causes a benign 
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pulmonary infection known as Valley fever, the disease closely resembling 
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Fic. 23-5. Chlamydospores and arthrospores of Coccoides immilis broken away from 
the mycelium in a culture. (Courtesy of Charles Smith.) 


influenza. The organism can develop in other tissues, and when it spreads 
throughout the body, it gives rise to a highly fatal infection. 


INTIMATE-CONTACT GROUP 


Abrasions or wounds in the skin, mucous membranes, or deeper tissues 
pave the way for the entrance of bacteria and other parasites which, if 
they become established, alter a state of contamination to one of infec- 
tion. Staphylococei and streptococci are commonly associated with man 
and frequently are responsible for localized infections in the skin and 
mucous membranes. The general picture of this type of infection was 
developed in Chap. 20 and will not be considered further. These organ- 
isms can also cause infections in deeper wounds and ean spread throughout 
the body. The enteric group, particularly the coliform bacteria, are often 
responsible for infections of wounds in the abdominal or peritoneal cavi- 
ties. Pseudomonas aeruginosa 1s also frequently found in wounds, gen- 
erally as a secondary invader. It closely resembles the enteric group but 
can be readily differentiated in that it produces a blue-green pigment 
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mixture, this being responsible for the blue- or green-colored pus encoun- 
tered with infections established by this organism. It is relatively non- 
virulent but commonly gains entrance to wounds and develops as a sec- 
ondary invader. It is becoming of more importance at the present time; 
since penicillin therapy may overcome the common gram-positive cocci 
also present, the balance established between these species is upset, and 
the gram-negative, penicillin-resistant P. aeruginosa can continue to de- 
velop. The clostridia are, however, of more potential danger in wounds 
than the organisms mentioned above. The latter may pave the way for 
the development of the anaerobic, spore-bearing rods of clostridia by their 
consumption of oxygen and the establishment of anaerobic conditions, an 
example of metabiosis. The two most common anaerobic infections are 
tetanus and gas gangrene. 

Tetanus. Tetanus is characterized by continuous contractions of the 
muscles, the muscles of the jaw being involved early in the course of the 
toxemia, this reaction being the source of the common name for the infec- 
tion, lockjaw. Clostridium tetani (see Fig. 2-9) is a slender, gram-posi- 
tive rod with a terminal spore which causes the rod to swell, giving it a 
drumstick or tennis-racket appearance. It is a common, nonpathogenic, 
parasitic inhabitant of the intestinal tract of horses and other herbivorous 
animals, is sometimes present in the intestinal contents of man, and the 
spores are widely disseminated in nature. The organism does not develop 
readily in the tissues but, once it is established, liberates an extremely 
potent exotoxin which is responsible for the symptoms of the disease. 
The organism itself remains localized in the tissues, but the toxin spreads 
throughout the body, attacking primarily the motor nerve centers and 
thereby eliciting the tetanic convulsions. 

Tetanus toxin has been obtained in highly purified form, is proteina- 
ceous in character, and of such a high degree of toxicity that 1 mg. of 
the toxin would suffice to kill approximately 10 million mice. Fortunately 
it is antigenic, and the antigenicity is maintained on treatment with for- 
malin, which inactivates the poisonous properties. Tetanus toxoid is an 
excellent immunizing agent, and all individuals should be immunized with 
it as a protection against tetanus toxin. This is frequently done in child- 
hood, a mixture of tetanus and diphtheria toxoids being employed in many 
instances for simultaneous immunization against both toxins. Antitoxin 
is of value as a therapeutic measure. 

Gas Gangrene. Gas gangrene is a general term employed to denote 
infection of deep wounds by different species of the anaerobic bacilli, the 
infection being marked by the production of considerable quantities of 
gas in the wound. The bacillus most commonly associated with gas gan- 
grene is Clostridium perfringens, a short, plump, nonmotile, encapsulated, 
gram-positive, spore-bearing rod somewhat less exacting of strict anaerobic 
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conditions than is C. tetani. Other anaerobic bacilli commonly found in 
infected wounds can be divided into two main metabolic groups, sac- 
charolytic and proteolytic. The former group contains C. septicum and 
C. novyi along with C. perfringens, while C. sporogenes, C. histolyticum, 
and C. lentoputrescens are representative of the proteolytic species. The 
proteolytic species are true saprophytes in that they cannot initiate an 
infection by themselves, but they complicate established infections by 
their intense proteolytic action. Whether the saccharolytic species are 
pathogenic by themselves is a debated point, their activity in tissues 
generally being associated with growth of pyogenic cocci. 

C. perfringens (B. welchii) infections and the toxemia produced can 
well illustrate gas gangrene. This organism, commonly present in the 
feces of man and animals, readily gains entrance to a wound along with 
other soil forms and organisms parasitic upon man. Once the bacillus is 
established in a deep wound, it ferments muscle sugar with the production 
of large quantities of gas. It is, therefore, frequently spoken of as the gas 
bacillus. Its gas-producing ability can be demonstrated readily in a tube 
of milk layered with oil or cream to hinder the diffusion of oxygen into the 
milk. Acid (lactic and butyric) production is marked, and the milk 
coagulates with curd and whey production. The acid clot is torn apart 
by the gas produced, and material is spattered around the tube, hence the 
name “stormy fermentation” for the appearance which is so characteristic 
of C. perfringens fermentations. 

C. perfringens produces three or four major exotoxins, the most impor- 
tant of which is the alpha toxin. Macfarlane and Knight identified this 
toxin as an enzyme which hydrolyzes lecithin, a phosphorylated fat widely 
distributed in the body. Lecithinase, the « toxin, is antigenic, and anti- 
toxin produced against toxic filtrates of C. perfringens neutralizes this 
enzvme. A collagen-splitting enzyme, collagenase, is also present in the 
filtrates and is believed to be a fourth toxin, the kappa toxin. It is in- 
volved in the destruction of muscle fibers. We have already noted that 
diphtheria toxin is the protein moiety of a respiratory enzyme. These 
observations with C. perfringens toxins suggest that other toxins may also 
be enzymatic in character. These exoenzymes or exotoxins must be of 
some value to the bacteria, but, being able to attack important constitu- 
ents of the body of man or other animals, they are of extreme danger to 
the individual once they are formed in, or gain entrance to, the circulating 
fluids. 

Antitoxins can be produced against the toxins formed by the saccharo- 
lytic anaerobes, C. perfringens and C. novyi, and toxoids have been devel- 
oped that are of some value as immunizing agents. They can be com- 
bined with tetanus toxoid and the mixture used for the immunization of 
individuals who are apt to be exposed to extreme physical risks. Chemo- 
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therapy with penicillin, streptomycin, or the sulfa drugs is of value imme- 
diately after an individual has been injured, particularly in that it inhibits 
the pyogenic cocci, thus rendering establishment of the anaerobes more 
difficult. These agents are also inhibitory to the anaerobes themselves, 
but sometimes a higher blood level is required than against the cocci. 

The Venereal Infections. A number of infections are characterized by 
the fact that the infectious agent is spread for the most part by means of 
sexual contact involving an infected individual. The four more common 
venereal infections are gonorrhea, chancroid, syphilis, and lymphogranu- 
loma venereum. The external genitalia normally support growth of a 
varied microbial flora, most of which are saprophytic but which may at 
times give rise to localized infections or invade the urinary tract. In the 
latter group, staphylococci, streptococci, coliform and related organisms, 
and enterococci are the most common causes of infections of the urinary 
tract and bladder, while the hemolytic streptococci (frequently introduced 
from external sources) are the main cause of puerperal, or childbirth, 
fever, an infection of the uterus. These organisms produce the nonspecific 
infections of the genitourinary tract. 

Gonorrhea. It has been estimated that over a million cases of gonor- 
rhea are acquired annually in the United States alone, the majority of 
these cases being acquired during sexual intercourse, although the infec- 
tious agent can be transmitted on materials soiled with discharges from 
lesions or during the passage of the child through an infected birth canal. 
In the latter case, the infection of the newborn is generally limited to the 
eyes and can be prevented by the application of a 2 per cent solution of 
silver nitrate to the conjunctiva imme- 
diately after birth. The infection in its 
various forms is caused by the gono- 
coccus, Neisseria gonorrhoeae. 

N. gonorrhoeae (see Fig. 23-6) is a 
small, oval or spherical, gram-negative 
coccus which generally occurs in pairs, 
the adjacent sides being flattened and 
giving rise to a kidney-bean-shaped 
appearance. The gonococcus is indis- 
tinguishable from the other neisseriae 
in its general appearance and, like the 
Fic. 23-6. Gram stain of urethral jneningococcus, is somewhat difficult 
pus showing gonococci within phag- ae : : 
ocytic cells. to cultivate in the laboratory. It is 

strictly a parasite of man, not giving 
rise to infection in other animals, and will frequently persist in man for 
years with little appreciable damage once the acute stage has been passed. 
The gonococcus is taken up readily by the phagocytic cells, and a diag- 
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nosis of gonorrhea can be established with fair security upon finding 
typical gram-negative cocci in phagocytes from pus obtained from lesions 
of the genital tract. Complete identification would require isolation and 
identification of the organism. The gonococcus is quite sensitive to the 
sulfa drugs, to penicillin, and to streptomycin, but it does have a marked 
tendency to develop drug-fast strains; increased resistance to one agent, 
however, does not denote increased resistance to unrelated chemothera- 
peutic agents. No successful method of immunization has been devel- 
oped, and it is unlikely that one will be, since the infection itself leaves 
no immunity to subsequent reinfection once the original infection has 
been overcome. When arthritis or other gonococcal infections of the 
internal organs have been established, complement-fixing antibodies do 
appear, generally in low titer, again indicating the poor value of the 
gonococcus as an immunizing agent. 

Chancroid. This is a common infection of the external genitals, char- 
acterized by the development of numbers of small, painful ulcerations 
which somewhat resemble the primary syphilitic lesion but never harden 
as does the latter. The lesion is therefore called a soft chancre. It is 
caused by Hemophilus ducreyi, which is quite closely related to H. in- 
fluenzae. Chancroid is spread primarily by sexual contacts but has no 
serious consequences. The infection can be controlled readily by prompt, 
local treatment with the sulfa drugs or appropriate antibiotics. 

Syphilis. This venereal infection is caused by a spirochete rather than 
by a bacterium, the organism in some respects more closely resembling 
the protozoa than the bacteria. The 
causative agent, Treponema (for- 
merly Spirochaeta) pallidum, is a 
strict parasite adapted to growth in 
the tissues of man and only to a lim- 
ited extent in other animals. It is 
extremely difficult to cultivate in the 
laboratory, and most reports of culti- 
vation in inanimate media have never 
been confirmed. TT. pallidum is a 
long, slender, coiled organism (see 
Fig. 23-7), generally 8 to 14 p in 
length by 0.25 to 0.3 p in diameter, 
containing 8 to 14 regular rigid spi- Fic. 23-7. Treponema 
rals. It is motile, electron micro- 
graphs suggesting the presence of fla- 
gella, but it does not move rapidly or far. It does not stain with the 
regular aniline dyes and can be most readily recognized by its appearance 
in dark-field preparations. 
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Syphilis is spread almost entirely by sexual contact, since the organism 
cannot survive for any length of time outside the body. It differs from 


most of the infectious agents spread by intimate contact with infected or 





Fic. 23-8 Treponema pallidum in a dark field 
Co.) 


(Courtesy of the Ame ~can Optical 


contaminated material in that it apparently has the ability to penetrate 


the unbroken skin or mucous membranes. 
Syphilis in man progresses through a number of stages, the tertiary 
stage In particular being quite irregular in that any 


part of the body may 
be involved, the actual involvements varying markedly from person to 
In general, three distinct stages may be recognized, the impor- 


person. 


tant characteristics of which may be summarized as follows: 
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The Primary Stage. The initial lesion becomes evident after an incuba- 
tion period of 3 to 6 weeks, enlarges, becomes hardened, and may ulcerate. 
In many cases the spirochetes can be demonstrated in fluid expressed from 
the chancre, the material being examined with the aid of dark-field micros- 
copy or in silver-impregnated or otherwise stained smears. 

The Secondary Stage. The spirochetes spread from the original site of 
the lesion and form secondary lesions in other parts of the body, generally 
on cutaneous and mucous membranes, but systemic infections can develop. 

The Tertiary Stage. After the acute symptoms of the primary and 
secondary stages have passed, the organism remains more or less latent 
in the body, apparently a balance being established between the parasite 
and the host. After many months or years a shift in the balance takes 
place, and any part of the body can be involved in the disturbance. 
Cardiovascular and central nervous systems are most commonly involved, 
resulting in a variety of disorders including partial paralysis, insanity, 
and death. 

After the early primary stage of the infection, diagnosis is commonly 
made on the basis of complement fixation or precipitation tests, described 
in Chap. 21. These tests become negative following successful treatment 
of the infection, a condition not observed in the common bacterial infec- 
tions and suggesting that the serological tests (Wassermann or Kahn, 
for example) are based on something other than a true antigen-antibody 
reaction. A positive test is a sign of infection rather than of immunity 
in syphilis. The spirochete of syphilis is susceptible to mercurial and 
arsenical drugs and particularly to penicillin, but therapy has to be ex- 
tended over a period of time or be intensively applied in order to obtain 
good results. 

Lymphogranuloma Venereum. This is a virus infection of the geni- 
talia characterized by ulceration and enlargement of the inguinal and 
pelvic lymph glands, although the virus may spread and give rise to a 
generalized infection. The elementary bodies are from 200 to 350 mp in 
diameter, the larger forms being encapsulated. It has not been cultivated 
on lifeless media but develops in tissue cultures and in the fertile egg. It 
is closely related to the virus of psittacosis and has been placed with it 
and other closely related infectious agents in a proposed genus Miyaga- 
wanella as the type species, M. lymphogranulomatis. Lymphogranuloma 
venereum was considered to be a disease of tropical countries, but in re- 
cent years its prevalence in temperate regions has been recognized. It is 
not so serious a threat as syphilis or gonorrhea and can be controlled by 
penicillin or the sulfa drugs. . 

Smallpox. This was one of the dreaded diseases of early times and 
one that was spread readily from man to man. It is now almost stamped 
out in areas where vaccination is compulsory. This disease is of historical 
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importance in bacteriology since a method for immunization was devel- 
oped against it long before the germ theory of disease was established. 
The Chinese had long known that local reactions frequently occurred 
when material from smallpox lesions was rubbed on the skin, and that the 
treated individual, if he did not develop generalized smallpox, became 
immune. Jenner, in 1798, reported his observations that dairy workers 
who had previously had cowpox appeared to be immune to smallpox. 
In 1796 he inoculated a boy with pus from a cowpox lesion and noted a 
local reaction. Two months later the boy was inoculated with pus from a 
smallpox lesion, and no infection developed. Immunization with cowpox 
rather than with smallpox material is much safer, and immunization 
against smallpox.remains in principle the same as in Jenner’s studies. 
Fortunately for man, the viruses of smallpox (variola) and of cowpox 
(vaccinia) are apparently identical antigenically or at least in their 
immunizing powers, it being suggested that vaccinia virus is a modified 
form of variola virus. Vaccinia virus is one of the larger viruses, electron 
micrographs indicating a size of 222 by 284 mp. It appears to be rela- 
tively complex in chemical composition and to be approaching the com- 
plexity of true cells. This virus is produced in calves or in tissue cultures 
for the commercial production of vaccines. Vaccination confers a high 
degree of immunity for several years, but it should be repeated about 
every seven years if immunity is to be maintained. 

Fungi Transmitted by Contact. A number of species of yeasts and 
molds are parasitic on the skin and mucous membranes, and they may 
invade the deeper tissues at times, although their power of invasion is low. 
They usually incite infections of the skin which are not particularly 
dangerous but are irritating and difficult to treat successfully. The main 
pathogenic species were listed in Chap. 5 and will not be considered 
further, since they are difficult to consider in limited space and present 
many complicated problems of special nature. 


INFECTIONS SPREAD BY CONTACT WITH ANIMALS 


Animals other than man have their characteristic parasites, a few of 
which are pathogenic to man. Some are transmitted directly through 
contact with the animal or its wastes, while others, which will be con- 
sidered separately, are transmitted by means of an insect vector. We 
have already considered certain of these agents and the infections they 
produce when the causative agent tends to enter the body by a charac- 
teristic route. These organisms are the brucella group and the bovine 
type of the tubercle bacillus by way of milk, and the virus of psittacosis, 
the anthrax bacillus, and the plague bacterium via the respiratory tract. 
Systemic anthrax, glanders, tularemia, hemorrhagic jaundice, rat-bite 
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fever, and rabies exemplify infections which can pass from an infected 
animal to man, generally through an abrasion. 

Anthrax. Bacillus anthracis, which causes a serious blood-stream in- 
fection in domestic animals, is of more historical interest than potential 
danger to man. The studies of Davaine, of Pasteur, and of Koch estab- 
lished the etiology of this disease and placed the concept of the micro- 
bial origin of infectious diseases on a firm foundation. Bacillus anthracis 
is a large, spore-bearing, aerobic, gram-positive rod characterized by the 
formation of a “Medusa’s head” type 
of colony on nutrient agar. Man 
acquires the infection by direct con- 
tact with infected animals or prod- 
ucts therefrom (particularly hides and 
wool), the spores entering an abra- 
sion, germinating, and the vegetative 
cells giving rise to the production of 
an abscess known as a malignant pus- 
tule. The bacteria may spread from 
the pustule and produce a generalized 
infection, the blood stream teeming 
with the bacteria and death resulting 
from this severe bacteremia. Anthrax yg, 23-9. An early photomicrograph 
has been brought under control by of Bacillus anthracis in the blood of 
immunization of domestic animals a angen las reese Lesko 
with killed suspensions of the anthrax — pysreur, 1, 209 (Fig. 2, Plate VIII) 
bacillus, by avoiding heavily contam- —(1887).] 
inated pasture lands, and by the care- 
ful disposal of the remains of animals dead from anthrax. Most antibi- 
oties are active against the anthrax bacillus. 

Glanders. Glanders is not a common infection of man but does occur 
in individuals who handle horses infected with the glanders bacillus, 
Malleomyces mallei of the Parvobacteriaceae. M. mallet is a slender, 
gram-negative rod, 0.5 to 1.0 by 2 to 5 p, with rounded ends. There is a 
tendency for it to produce filaments and to show branching involution 
forms. The organisms exhibit irregular staining, frequently of a bipolar 
type. The bacterium enters the body through abrasions in the skin or 
mucous membranes and incites the formation of inflammatory nodules in 
the nose (glanders) or in the skin (farcy), and may spread throughout the 
body. The infection is generally f fatal for man and can be prevented 
by exercising great care in the handling of infected animals and their 
nasal discharge. M. mallez is one of the most dangerous pathogens, and 
extreme care must be employed when working with it in the labora- 


tory. 
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Tularemia. This disease, also known as rabbit fever or deer-fly fever, 
is primarily one of wild rodents and rabbits. The infectious agent, 
Pasteurella tularensis, is spread by direct contact with the carcass of an 
infected animal, by inadequately cooked meat from infected animals, or 
by the bite of a contaminated insect such as the deer fly. The disease, 
which is neither severe nor very prevalent, is generally limited to hunters 
or to those who prepare wild rabbits for the table. The organism enters 
the skin through minute abrasions, some evidence suggesting that it can 
penetrate the intact skin. P. tularensis, a member of the Parvobacteri- 
aceae, is a minute coccoid rod, 0.2 by 0.2 to 0.7 p, which is extremely 
pleomorphic, gram negative, and with a tendency to bipolar staining. 
It does not grow readily except on highly enriched media, cystine in par- 
ticular favoring growth. 

Hemorrhagic Jaundice. This disease, also known as infectious or 
spirochetal jaundice, leptospirosis, or Weil’s disease, is caused by the 
spirocheté Leptospira icterohaemorrhagiae, or by the closely related 
species L. canicola. The former is usually associated with wild rats or 
mice, the latter with dogs. The organisms are usually transmitted to 
man on contact with spirochetes present on materials contaminated with 
the urine of infected rodents or dogs. The disease is most common in 
workers in damp places. The leptospirae are microaerophilic, extremely 
slender, tightly coiled spirochetes with a hooked end or ends. They are 
extremely motile in dark-field preparations, showing flexing movements 
and coarse undulations. Diagnosis of the infection in the early stages is 
made by finding the characteristic leptospirae in dark-field preparations 
of blood, in the latter stages in urine, and also by injection of blood or 
urine into guinea pigs, which are highly susceptible. 

Rat-bite Fever. This disease, which is not very common, is of interest 
in connection with leptospirosis in that it is primarily an infection of rats 
by a bacterium with certain characteristics of the spirochetes. The causa- 
tive organism, Spirillum minus, is a gram-negative, spiral organism 3 to 
5 » in length with one to four spirals. It is more rigid than the spiro- 
chetes but, like many of the latter, is difficult to study in the laboratory 
as it cannot be cultivated readily, if at all, on laboratory media. It is 
transmitted to man in the wound made by the bite of an infected rat and 
produces a localized infection similar to that caused by Streptobacillus 
moniliformis. 

Rabies. Rabies is an infection of dogs, wolves, and other carnivorous 
animals which can be transmitted to man as the result of the bite of an 
infected animal. In Brazil and Trinidad, rabies also appears to be an 
infection of vampire bats and can be transmitted by them. Infected bats 
are also found in the United States and are involved in the transmission 
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of rabies, particularly to cattle. The agent is one of the larger viruses, 
the particle being between 100 and 250 my in diameter. Rabies is of 
historical interest since it was the first virus disease to be studied in the 
laboratory and since Pasteur was able to develop a method of immunizing 
against the causative agent. Successful immunization after exposure is 
possible because of the long incubation period, 2 to 8 weeks or more, ex- 
cept when the bite is on the neck or face. The long incubation period 
when the bite is on the extremities supposedly results from the slow rate 
of travel of the virus to the central nervous system. This time interval 
provides opportunity for antibody production against the noninfective 
virus present in antirabies vaccines, and against the active virus as well. 
The immunization procedure is slow and irritating, hence it is not em- 
ployed as a routine procedure with unexposed individuals. 


INFECTIONS SPREAD BY INSECTS 


A number of infectious agents are commonly spread from animal reser- 
voirs, or from man to man, by means of an intermediate insect vector. 
Bubonic plague serves as an example of a bacterial infection spread by 
insects; typhus and Rocky Mountain spotted fevers are rickettsial infec- 
tions; yellow fever is of viral origin; and malaria is a protozoan infee- 
tion. 

Bubonic Plague. “Rats, Lice and History” is a fascinating book by 
Zinsser, who traces the influence of typhus fever, spread from rats to man 
by lice, upon the course of history. Bubonic plague, spread from rats to 
man by fleas, has also had considerable influence upon history, as it was 
one of the most dreaded epidemic diseases in earlier days. Plague, pri- 
marily a disease of rodents, is ordinarily transmitted from infected rats, 
upon death of the latter, by means of their contaminated flea population. 
When the flea bites man, the causative organism, Pasteurella pestis, enters 
the lesion and multiplies. It then invades the tissues, generally localizing 
in the lymph glands, which swell, later soften, and discharge pus. The 
characteristic, swollen lymph glands, particularly in the groin, are called 
buboes and give rise to the name bubonic plague. The organisms escape 
from the lymph nodes and establish a generalized infection. A gross 
invasion of the blood stream occurs at times and is followed by small 
hemorrhages in the skin and darkening of the latter, this symptom being 
responsible for the name Black Death given to some of the epidemics in 
the past. As considered earlier, the plague bacillus can give rise to a 
pneumonia, pneumonic plague spreading readily from man to man. The 
bubonic type does not spread as readily from man to man and is usually 
spread by infected fleas, the great epidemics of history always being 
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associated with war, famine, and crowding, which means closer contact 
with rats and their vermin. 

Pasteurella pestis is a short, plump, polar-staining, gram-negative rod, 
0.5 to 0.7 by 1.5 to 1.7 » in size. It is encapsulated in the animal body 
and in young cultures. The cells are extremely pleomorphic in old eul- 
tures. No exotoxin is produced, but a toxic cellular component or endo- 
toxin is liberated upon autolysis of the cells. P. pestis will grow on plain 
agar and in milk, characteristics which serve to differentiate it from the 
more exacting P. tularensis of tularemia. 

Immune sera have relatively little value against plague, even though 
an individual who has recovered from the disease is permanently immune. 
This suggests a tissue rather than a general type of immunity. Sulfa- 
diazine and streptomycin or other antibiotics are effective against the 
organism. Immunization can be induced following the injection of heat- 
killed organisms or other types of vaccine, but the most effective control 
measure is control of the rat population. In endemic areas the spread of 
P. pestis can be prevented by effective spraying with DDT, this agent 
being toxic to the rat flea. 

Typhus and Rocky Mountain Spotted Fevers. These diseases are 
caused by rickettsiae, organisms we have considered as being intermediate 
in their characteristics between the bacteria and the viruses. Typhus 
fever is caused by Rickettsia prowazeki, Rocky Mountain spotted fever 
by R. rickettsi, and the closely related diseases known as scrub typhus, 
tsutsugamushi, and tropical typhus by R. tsutsugamushi. 

Typhus fever exists in two forms, epidemic and endemic (murine) 
The former is spread from man to man by means of the body louse, the 
latter from rat to rat or from rat to man by means of the rat flea. The 
endemic, or murine type, apparently is caused by a rickettsia other than 
R. prowazeki, the name R. typhi (also R. mooseri) being proposed for it. 
The epidemic form of the disease is under control in most areas at the 
present time, and its spread, when the disease does occur, can best be 
prevented by use of DDT to control the louse population of man. Like 
plague, it is an infection associated with war, famine, crowding, and filth. 
Vaccines, prepared from rickettsiae grown in the developing egg, appear 
to be of value for immunization of individuals apt to be exposed to the 
infection. 

Endemic typhus is of more concern in the United States than epidemie 
typhus, the former disease being prevalent in Mexico and the southern 
parts of this country. The rat serves as a reservoir of the infection. Clin- 
ically it is similar to epidemic typhus but is generally less severe. An 
oddity associated with both infections is that infected persons develop 
antibodies that will agglutinate certain strains of the bacterium Proteus 
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vulgaris, this organism not being associated with the infections but ap- 
parently having an antigen similar in reactivity to an antigen also present 
in the rickettsiae. Chloramphenicol and the tetracyclines are effective, 
while the sulfa drugs may stimulate the infection. 

Rocky Mountain spotted fever rickettsiae are hereditarily transmitted 
(in the eggs but not by genes) from tick to tick, this insect being the 
natural host for R. rickettsi and transmitting it to man. The disease is 
similar to endemic typhus fever and occurs sporadically throughout much 
of the United States, the main areas of infection being parts of Idaho and 
Montana. Similar tick-borne infections are present in various parts of 
the world and are apparently due to strains of this organism. Vaccines 
ean be prepared for the immunization of individuals apt to be exposed 
to ticks in areas where the infection is present. 

Yellow Fever. Yellow fever is caused by one of the smaller filtrable 
viruses, 19 to 22 my in diameter. It is a disease prevalent in tropical and 
subtropical countries and is transmitted to man by the bite of an infected 
mosquito but not from man to man directly. Certain jungle monkeys 
may serve as a reservoir of the infectious agent. Yellow fever, together 
with malaria, made large parts of the West Indies and: Central and South 
America dangerous for the white man in the last century, and the disease 
did spread to the United States, one devastating epidemic occurring in 
New Orleans in 1878. 

An understanding of this disease developed from the dramatic studies 
of Reed, Carrol, and others in Cuba during the Spanish-American War. 
They proved, with the aid of soldier volunteers, that the disease is appar- 
ently of viral origin, that it is transmitted solely by the bite of infected 
mosquitoes (Aédes aegypti), and that a mosquito, if it is to become infec- 
tive, must bite the patient within 3 days of the onset of the disease, the 
mosquito becoming infective for man after about 12 days. Control of 
the mosquito populations and prevention of contact of mosquitoes with 
cases of yellow fever made possible the construction of the Panama Canal. 

The virus of yellow fever is viscerotropic; 1.e., it tends to localize in 
the viscera. Theiler, in 1930, passed the virus intracerebrally in series 
in mice and noted that it tended to lose its viscerotropic characteristics, 
becoming adapted to multiplication in nervous tissues. The neurotropic 
variant was not infective for man by the subcutaneous route of injection 
but retained its antigenic identity. The neurotropic strain was later 
adapted for growth in the developing egg, both neurotropism and viscero- 
tropism being depressed without loss of immunizing properties. Vaccines 
prepared from this variant are available and quite effective. This serves 
as an example that variation does occur in the smaller viruses as well as 
in the larger ones such as rabies (demonstrated by Pasteur) and in the 
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Fic. 23-10. Photomicrographs of the rickettsiae of endemic (1 and 3) and epidemic 
(2) typhus stained with Macchiavello’s stain. [From Plotz, Smadel, Anderson, and 
Chambers, Journal of Experimental Medicine, 77, 355 (1943).] 
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bacteria or other true microorganisms. Control of Aédes aegypti remains 
as the best over-all method of prevention of yellow fever. 

Malaria. Malaria, an infection of protozoan origin, is one of the most 
common and widespread diseases of man. It is most frequent in tropical 
and subtropical areas, being responsible for an estimated 3 million deaths 
per year with possibly 100 times as many actual cases of the disease. The 
malarial protozoa belong to the class Sporozoa and the genus Plasmodium. 
Four distinct species are recognized, P. vivaz, P. falciparum, P. malariae, 
and P. ovale, each being responsible for specific forms of the diseases col- 
lectively known as malaria. These organisms pass through a distinctive 
life cycle, a sexual cycle in the body of the female mosquito and an asexual 
one in man. Asexual multiplication occurs within the blood cells of man, 
the time required for multiplication varying with the species. After 
asexual multiplication has gone on for a number of days, sexual forms 
begin to develop. These sexual forms are infective for the mosquito and 
are obtained by them in blood serving as a meal. Male and female ele- 
ments must be obtained from man, the male forms fertilizing the female 
ones when both are present in the mosquito. The fertilized cells undergo 
a number of changes with the final formation of sporozoites, spore-like 
bodies which are infective for man. The complete cycle is quite complex 
and is described in detail in the specialized texts. The life cycles of the 
protozoan parasites and of the higher fungi suggest that life cycles may 
be involved in the history of the lower pathogenic parasites, but informa- 
tion on this point at the present time is only suggestive. 

Malaria can be best controlled by control of the mosquito population, 
but this is an even more difficult task than with yellow fever, where only 
one species is involved. Drainage of swampy areas and oiling of breeding 
waters is of considerable value, but the use of DDT and other antiinsect 
sprays on a large scale is more promising. No method of immunization 
is available, but chemotherapy with quinine is one of the oldest specific 
treatments known to man. Antimalarial drugs such as atabrine have 
been developed within recent years. 

Miscellaneous. No attempt has been made to cover all the agents 
pathogenic for man. Particular attention has been placed on the patho- 
genic bacteria. A number of species were not mentioned, and many others 
exist that are pathogenic for man, animals, and plants. The same state- 
ment holds true for the protozoa and even higher forms of animal life, 
particularly the worms. In most cases the pathogenic forms are parasitic 
ones. This leads to an essential similarity in all infectious diseases, a 
struggle for existence between a parasite and its unwilling host. The 
nature of the struggle is dependent upon the properties both of the para- 
site and of its particular host, and these properties are subject to change 
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in the variations normal to the host and to the parasite. A proper under- 
standing of infectious diseases requires thorough knowledge of both para- 
site and host and of the interrelationships between the two. Much is 
known; much remains to be learned, but progress is being made, and at 
some future date it may be possible to summarize the more important 
infectious diseases and their causative agents in a more specific manner 
than was possible in the foregoing discussion, 


CHAPTER 24 


INFECTIOUS DISEASES OF ANIMALS AND PLANTS 


The general principles of infectious diseases in animals and plants are 
the same as those for infectious processes in man, but the details do vary 
in that different hosts and in most cases different parasites are involved; 
hence there will be differences in the host-parasite relationships. In 
addition, there is little evidence indicating that antibodies or their equiv- 
alents develop during the course of plant diseases. We can only sum- 
marize here the more general nature of the infectious agents responsible 
for the more common animal and plant diseases. Many of these dis- 
eases are of economic importance in that they threaten our sources of 
food, drink, clothing, and building materials. It has been estimated that 
diseases of farm animals and poultry are responsible for a loss of around 
one billion dollars annually in the United States, this figure being based 
both on loss of animals and from decreased productivity. The loss from 
diseases of food and other crops would also yield a staggering figure, 
possibly around three billion dollars. 


ANIMAL DISEASES 


Infectious diseases of animals are of importance not only econom- 
ically ; domesticated and wild animals and birds serve in many instances 
as reservoirs of agents pathogenic for man as well as for other animals. 
Selected examples of such infectious agents—anthrax, brucellosis (un- 
dulant fever or contagious abortion), bovine tuberculosis, glanders, tula- 
remia, bubonic plague, streptococcal infections, hemorrhagic jaundice, 
rat-bite fever, endemic typhus, psittacosis, cowpox, and rabies—were 
considered in the preceding chapter. These diseases and their causative 
agents will not be considered further except where desirable to illustrate 
the discussion. It might be well to point out that animals are not only 
subject to natural infections but that many species have served us well 
in the laboratory study of agents infectious only for man under natural 
conditions. 

Bacterial Diseases of Animals. Tuberculosis formerly was one of the 
major diseases of cattle and swine, the progressive disease in cattle being 
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caused only by the bovine strain of Mycobacteruum tuberculosis. Legis- 
lation accompanied by active field work since 1917 has practically eradi- 
cated this source of human infection in the United States and in many 
other countries as well, pasteurization of milk serving as a further safe- 
guard. Animals found to be tuberculin-positive reactors were eradi- 
cated, thus interrupting the chain of infection of other animals and of 
man. Naturally drastic measures of this type cannot be employed in the 
control of human infections, but they can be applied where the immediate 
economic loss is offset by long-term gains. 

Many swine are infected but to a great extent the infection is induced 
by the avian strain (M. avium) of the tubercle bacillus and the lesions 
tend to remain localized in the neck. This infection is not particularly 
debilitating to swine and is not important from a public-health point of 
view. Chickens commonly serve as a reservoir for M. avium, and the 
incidence of this type of tuberculosis in hogs is much greater in those 
from small farms where they come into close contact with chickens. 
Hogs are of greater danger to man as a carrier of the worm Trichinella 
spiralis, the causative agent of trichinosis. This worm is parasitic in 
rats, spreads to hogs which eat infected carcasses (or uncooked garbage), 
and then reaches man through improperly cooked pork. Personal protec- 
tion can be assured by thorough cooking of pork or pork products or 
storage of uncooked pork for 24 hours at —18°C. 

We have seen that cattle, swine, and goats are subject to contagious 
abortion induced by the Brucella. Eradication of cattle whose serum 
(Bang’s test) or milk shows an antibody titer greater than normal in 
agglutination tests has greatly reduced the incidence of this disease. It 
has been further reduced as the result of immunization of calves with a 
living vaccine prepared from a Brucella of low virulence, calves being 
more resistant than adult animals. Sanitary procedures, proper disposal 
of contaminated material, and the use of Brucella-free breeding stock 
serve as further control measures. 

Cattle are also subject to mastitis, an infection inducing inflammation 
of the udder and consequent reduction in quantity and quality of the 
milk produced. The chronic type of this infection commonly is caused 
by staphylococci or Streptococcus agalactiae, while a number of bacterial 
species are responsible for the more acute type of infection. Streptococ- 
cus pyogenes is a causative agent of the acute type and can be transmitted 
from infected animals to man through milk. Man can also infect cattle. 
Efficient sanitary procedures and cleanliness in the dairy serve to prevent 
the spread of the infection in a herd. Proper use of antibiotics to which 
the causative agent is susceptible is also of value but will not necessarily 
completely control the infectious agent in vivo. j 


Anthrax is of minor importance as an infectious disease of animals 
wv 
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in the United States but is of greater incidence in European pastures, 
which are more heavily infested with the spores of Bacillus anthracis. 
Its spread can be controlled to a great extent by prompt disposal of in- 
fected carcasses and by immunization procedures. Anthrax-like diseases 
are observed in various animals infected with organisms such as Clos- 
tridium septicum and C. fesert (chauvoer). The latter anaerobe causes 
a disease known as “quarter-evil,’ or blackleg, chiefly in sheep, goats, 
and cattle, but particularly in cattle. Infection results primarily from 
the entrance of contaminated soil into wounds on the lower extremities, 
many of the symptoms of the disease being induced by exotoxins formed 
in vivo. Immunization procedures are available to protect animals 
against the agent where it is prevalent. C. septicum is pathogenic for 
man as well as for animals, while C. feserz is not. 

Vibriosis has long been recognized as a disease of animals and can be 
caused by a number of vibrios. Vibrio fetus appears to be the major 
pathogen of this type in the United States, but the high incidence of this 
infection was not recognized before 1948. Infection with V. fetus de- 
creases fertility and induces early abortion in cattle and sheep. Preven- 
tion of this disease depends primarily upon the detection and destruc- 
tion of infected animals, thus interrupting the spread of the bacterium. 

Leptospirosis is another recently recognized (about 1940) major dis- 
ease of cattle and hogs in the United States. It is caused by the spiro- 
chete Leptospira pomona and, like Weil’s disease in man (Leptospira 
icterohemorrhagiae), is spread primarily by food or water contaminated 
with urine from infected animals. L. pomona was not recognized as a 
distinct species in the sixth edition of Bergey’s Manual, and some con- 
fusion exists concerning it. This Leptospira may also be of limited 
pathogenicity for man, diseases known as swamp fever and swineherd’s 
disease supposedly being caused by it. This infection in animals is 
characterized by failure of the animals to gain weight properly, decreased 
milk production, abortion at times, and frequently death of the infected 
animals. Typical symptoms and serological tests can be employed for 
diagnostic purposes. The spread of the infection can be hindered most 
readily by sanitary procedures, primarily by prevention of contamina- 
tion of the herd’s supply of food and water by urine from infected 
animals. 

Viral Diseases. A considerable number of infectious diseases of wild 
and domesticated animals are caused by filtrable viruses, some of which 
we have seen are also pathogenic for man. Epizooties (epidemics among 
animals) of hog cholera have been responsible for major losses, and still 
occur, but to a lesser extent. Hog cholera is caused by a small virus 
(about 35 mp) which is spread by secretions and excretions from infected 
animals via contaminated food or water to healthy swine. Immunization 
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procedures are of value in prevention of the disease, the early practice 
being to inject separately blood or tissue suspensions containing the virus 
from infected animals and serum from hyperimmunized ones. The neu- 
tralizing antibodies in the serum inhibit the virus in the blood or tissue 
preparations from infected animals, but the virus may remain active 
or multiply for a time in the vaccinated animal. At least the produc- 
tion of sufficient antibody to protect the vaccinated animal is elicited as 
a result of the procedure. This procedure is not without danger, since 
the activity of the virus or immune serum may vary. Vaccines contain- 
ing virus attenuated in virulence for the hog, by passage in rabbits, 
appear to be safer and of value for immunization. 

Another viral disease of hogs—swine influenza—is of considerable 
economic importance and at the same time of biological interest. This 
disease is caused by the combined activity of two organisms, Hemophilus 
influenzae suis and a virus antigenically related to type A influenza virus. 
Speculation exists concerning possible relationship of the hog influenza 
virus to the 1917 pandemic of influenza in man. Shope has shown that a 
rather complex cycle for the transmission of the hog influenza virus exists 
in nature. Lungworms (nematodes) in infected animals become infected, 
and the virus is excreted in the hog’s feces in ova from the worms. The 
virus appears to be in an inactive or “masked” form in the ova. The 
lungworm ova are ingested by earthworms, in which the lungworm larvae 
then develop. The virus enters hogs which eat earthworms containing 
lungworm larvae carrying the masked virus. Contamination of healthy 
hogs in this manner does not suffice to induce the infection, but an “excit- 
ing” factor or stimulus is involved. Injection of H. influenzae suis into 
the contaminated animal can act as an exciting cause, but climatic condi- 
tions are also involved, outbreaks generally occurring during the colder 
months of the year. It is possible that a number of the viruses may exist 
in masked form in nature and their spread to susceptible hosts may be 
dependent upon cycles such as the above. Successful immunization 
procedures for the prevention of hog influenza have not been developed. 

Foot-and-mouth disease is one of the most contagious infectious dis- 
eases, particularly in cattle. It is caused by one of the smallest viruses 
(about 10 my). The disease is characterized by vesicular eruptions in the 
mouth, around the hoofs, and on the udders of female eattle. The infee- 
tion is debilitating but not generally fatal unless complicated by seeond- 
ary invaders. The virus is spread via milk from infected animals and by 
material from the vesicular eruptions, chiefly through the agency of con- 
taminated food or water. Cattle handlers can also spread the virus by 
means of their hands or clothing contaminated with it, but man is not 
particularly susceptible. The major control of spread of the disease 
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consists of quarantining infected herds and killing the diseased animals. 
The bodies should be treated with chloride of lime and buried. Vaccina- 
tion with virus attenuated by growth in tissue cultures is of value as a 
prophylactic measure. Strict quarantine on animals or meat from coun- 
tries in which the disease is prevalent is enforced in the United States. 
Vesicular exanthema of swine and vesicular stomatitis are closely re- 
lated viral diseases of animals. 

Neweastle disease is a viral disease of birds that is highly infectious 
and the spread of which, like that of foot-and-mouth disease, is con- 
trolled most readily by quarantine and destruction of infected poultry. 
An egg-grown attenuated virus is of value as an immunizing agent, being 
applied in the form of a dry powder either intranasally or to the con- 
junctiva of young chicks. Fowl! plague and fowl pox are other major 
virus diseases of poultry. 

Canine distemper is caused by a virus which is quite infective for dogs, 
particularly young ones, and which may cause serious losses in mink and 
fox farms. Immunization with appropriate vaccines is an effective meas- 
ure to employ on our pets. Other virus diseases of dogs and cats include 
rabies, canine hepatitis, and cat enteritis (cat distemper). 

Insects, like the higher forms of life, are subject to attack by micro- 
organisms and viruses. The insect viruses are of economic importance 
in the silk industry, in honey-bee broods, and in particular in the natural 
control of the insect populations. Attempts have been made to control 
epidemics of insects destructive to plants of economic importance to us 
by artificial inoculation of insects with a virus to which they are suscep- 
tible. For example, alfalfa fields have been sprayed with material con- 
taining a virus causing a polyhedrosis type of disease in the alfalfa 
caterpillar. Such measures are somewhat effective under favorable con- 
ditions in reducing the insect population, but it is difficult to start an 
artificial epidemic in nature. This indicates the difficulties that could 
be inherent in biological warfare, particularly since man could initiate 
countermeasures not available to the insect. 

A group of viruses collectively known as the encephalitides is com- 
monly associated with or transmitted by insects to man and other ani- 
mals. These viruses are neurotropic in character, i.e., tend to multiply 
in neural tissue and to induce inflammation of the brain and spinal cord. 
They are relatively small (25-50 mp) and closely related to each other, 
being distinguished primarily on the basis of serological reactions. There 
appears to be quite definite geographic distributions of these agents, 
evidenced by names such as western and eastern equine encephalomye- 
litis or Saint Louis, California, Japanese B, and Murray Valley encepha- 
litis. Equine encephalomyelitis is a disease of horses that may appear 
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in epizootic form and is characterized by symptoms ranging from las- 
situde to excitability and wildness, a fatality rate near 20 per cent being 
observed in untreated animals. Man may acquire the disease from 
horses. The mosquito has been incriminated as a vector for the virus, 
and there is considerable evidence that the virus is maintained in nature 
in birds, possibly a mosquito-bird-mosquito cycle operating during the 
“mosquito” months and a mite-bird-mite one at other times. Ticks and 
other insects may serve as vectors for this or other viruses of the encepha- 
litis group, and chickens or other birds as natural reservoirs of the viruses. 
It is of interest that around 1936 it was observed that formalinized 
preparations of nervous tissue from infected animals served as a protec- 
tive vaccine for horses: Encephalitis virus was obtained in higher con- 
centration later by growing it in the embryonated egg, and formalinized 
vaccines prepared therefrom were more effective than the tissue ones. 
These observations showed that some formalin-treated, artificially cul- 
tured viruses would serve as effective vaccines and paved the way for the 
later development of the poliomyelitis vaccine for man. 

A number of tumors in chickens (fowl sarcoma and avian leucosis), 
papillomas in many animals, and mouse mammary cancer have been 
shown to be caused by viruses. This raises the question of a possible 
viral origin of tumors and cancers in man. Some suggestive evidence 
has been obtained, but the concept has not been definitely established. 


INFECTIOUS DISEASES OF PLANTS 


Plants, like animals, have their parasites, and some of these parasites 
are destructive to the tissues of the plant. Certain fungi were recognized 
as plant pathogens around the middle of the nineteenth century, but the 
recognition of bacteria as plant pathogens was not general until early in 
this century, despite the reports of Burrill (1882) on the bacterial origin 
of fire blight of apple and pear trees and of Wakker (1883) on yellows of 
the hyacinth. This skepticism was not overcome until about 1900, the 
studies of Theobald Smith, one of America’s leading bacteriologists, 
definitely establishing the bacterial origin of a number of plant diseases. 
As has already been mentioned, the studies of Iwanowski and of Beijerinck 
established a filtrable agent as the cause of tobacco mosaic, this concept 
apparently being easier to establish than that of bacteria as plant 
pathogens. At the present time over 200 species or varieties of bacteria 
have been recognized as plant pathogens. All are asporogenous, gram- 
negative (with nine exceptions) rods with relatively simple metabolic 
activities and nutritional requirements. It is odd that apparently none 
attack cellulose and relatively few hydrolyze starch, two of the major 
constituents of plants. In general, the plant pathogens are more closely 
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related to the soil bacteria than to the animal pathogens and tend toward 
saprophytism rather than parasitism. 
Identification and classification 
of the bacteria pathogenic for plants 
are extremely difficult in many in- 
stances, and much confusion still 
exists. For example, Yanthomonas 
corylina and X. juglandis appear 
identical in the laboratory; yet the 
former is pathogenic on filberts, the 
latter on walnuts, and they will 
not cross-infect. Most plant path- 
ogens, with the exception of the 
genus Erwinia in the family En- 
terobacteriaceae, were formerly 
placed in a single genus Phytomo- 
nas. Now they are scattered in sev- 
eral genera. Approximately one- 
half of the plant pathogens produce 
green fluorescent pigments and are Fie. 24-1. Theobald Smith, one of Amer- 
ica’s early leading bacteriologists. (From 
, a portrait by Montgomery, courtesy of 
The genus Xanthomonas includes jhe Central Scientific Co., Chicago.) 


the next largest group, polarly flag- 

ellated rods which produce yellow pigments. A number of species which 
produce abnormal growths on roots and stems are placed in the Agro- 
bacterium; the gram-positive species are in the genus Corynebacterium, 
and a limited number of miscellaneous forms are in the genus Bacter- 





placed in the genus Psewdomonas. 


wm. 

Types of Plant Diseases. The diseases of plants vary in their symp- 
tomology in a manner analogous to animal diseases, and in many re- 
spects the nature of the disease depends upon similar properties in 
both cases, portal of entry, invasive power, mode of spread, and toxicity. 
Antibody response on the part of the host, however, appears to be lacking, 
and the plant in general appears to have less specific means of resistance 
to the invader once the external barriers have been crossed. Natural 
immunity, the resistance of races or species, or of strains in a species, 1s 
better known than in animals, breeding experiments having developed 
many strains or types resistant to specific bacteria or higher fungi such as 
the rusts. 

Leaf and fruit spots are localized infections, somewhat analogous to 
localized abscesses in man, while the more generalized infections are 
known as blights. Species of Psewdomonas and Xanthomonas are fre- 
quently responsible for the former, other species of the same genera and 
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also of Erwinia (e.g., E. amylovora, pear and apple blight) for the latter 
type of infection. In some infections the organisms multiply and 
accumulate in large numbers in the vascular system, frequently inter- 
rupting the flow of sap, and the plant droops or wilts. Corynebacteria are 
frequently responsible for the vascular diseases, or wilts, although other 
genera, particularly Pseudomonas and Bacterium, may contain species 
eliciting wilts. A limited number of plant diseases are in part caused by 
bacterial toxins, the wildfire of tobacco involving toxin production by 
Pseudomonas tabaci. Another group of plant diseases is characterizec 
by the formation of abnormal erowth, tumors or galls. The cells in 4 
local area appear to be stimulated to abnormal multiplication with little 
or no tissue destruction. Actually nodule formation induced by rhizobisg 
on the roots of leguminous plants could be considered an example of this 
type of infection. Agrobacterium tumefaciens is a common example 0 
this type of plant pathogen. It produces crown gall on a variety o 
plants. Finally, there is a group of diseases characterized by, and called 
soft rots. Species of Erwinia are generally involved and rapidly spreac 
through the tissues with the aid of the enzyme pectinase, which hydrolyze: 
pectin, a cementing material that binds the plant cells together. Th 
tissues are not only killed; they are reduced to a soft, moist, pulpy mass 
The soft rot of carrots is a typical example, EZ. carotovora being thi 
causative agent. 

Plants, as a general rule, are more subject to infections induced by th 
higher fungi than are animals. Actually the majority of infectious dis 
eases of plants are caused by the multicellular fungi we commonly speal 
of as molds. Blights, scabs, smuts, rusts, and wilts of various sorts ofte 
are of fungal origin. The home gardener commonly loses many of th 
seedlings he so fondly nurses because of damping-off induced by fung 
These fungi may attack the plant before the shoot pushes throug! 
the ground, or their destructive nature may become apparent just a 
the young seedling appears to be thriving. Damping-off can be con 
trolled by disinfection of the seed and the use of fungicides or, on a smal 
scale, by disinfection of the soil. The problem becomes more seriou 
on a large scale for the commercial gardener and the farmer. 

Two classical diseases of fungal origin that have markedly influence 
the welfare of man are late blight of potatoes and stem rust of wheat 
In 1845 almost the entire potato crop in Ireland was wiped out followin 
a rainy, muggy July which provided ideal conditions for the growth o 
the causative agent, Phytophthera infestans, on the potato vines. Th 
leaves are destroyed, necrotic areas forming on the edges of the leaf an 
spreading inward. The mold growth appears downy and yellowish i 
color. Spores are formed in large numbers and are transmitted by bird: 
insects, man, and wind to nearby healthy plants, thus spreading the in 
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Fi. 24-3. Agrobacterium (Phytomonas) tumefaciens, the bacterium producing the 


crown gall illustrated in Fig. 24-2. 
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fectious agent. If climatic conditions are just right, the blight spread 
and progresses rapidly. Since potatoes formed the bulk of the Iris 
diet, famine occurred as a result of the blight. It has been estimate 
that this plant epidemic was the cause of around 500,000 deaths fror 
starvation and was responsible for the emigration of even more peopl 
to other countries. Shortly thereafter, Berkeley in England suggeste: 
that the blight was caused by a fungus, and this was established b; 
DeBary in 1855, a number of years before microbic causes of infectiou 
diseases in man and animals were discovered. 

Potato blight also attacks the tubers in storage and causes them to ro 
if they are not stored at a low temperature under dry conditions. Spore 
may be carried over the winter on seed potatoes, and the fungus cai 
attack the planted tubers and roots, spreading from there to the stem 
and foliage. Local epidemics start more readily, however, from spoile 
and cull potatoes that are thrown away and allowed to rot. Large num 
bers of spores are produced and spread via the air to potato patches 
One of the most important control measures is to bury or burn all spoile 
or discarded potatoes. Spraying the potato plants with a fungicide is o 
value in preventing the spread of the blight once it appears in a potat 
field. The fungus also eauses a blight of tomatoes, an epidemic in th 
United States in 1946 causing an estimated loss of forty million dollar: 

Stem rust of wheat, other grains, and grasses has also been the caus 
of famine in many parts of the world. This disease is caused by Puccini 
graminis, a fungus with a highly complex life cyele. There are a numbe 
of varieties of this organism and many different strains or races. It at 
tacks, for example, the young leaves and stems of wheat, rusty red spot 
appearing on them at first and gradually turning black. The fungu 
utilizes materials in the plant that in part, at least, would have been use: 
in the formation of the grain (seeds), and as a result the yield is de 
creased and the kernels are of poor quality. In the northern parts o 
the United States the barberry serves as a host for this fungus, and par 
of the fungus’s life cycle is completed on this plant. Eradication of th 
barberry serves as one control measure. Another control is the develop 
ment of rust-resistant plants, but new strains of the fupgus do arise upor 
the originally resistant plants. The use of sulfur dusts and good agricul 
tural practices are of further aid in the control of stem rust. Weathe 
is another important factor in that moist, warm conditions favor growtl 
of this and many other fungi, but it is a factor beyond our control. 

Fungi attack not only living plants but also our foods obtained fron 
them. This was illustrated above in the case of potato rot. Spoilage o 
grains and dried grasses (hay) stored for future use is induced by fungi 
and this is responsible for huge losses annually. 

A large number of plant diseases are of virus origin, it being said tha 
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almost all cultivated and many wild plants are subject to infection by at 
least one virus. Some of the more important groups of virus diseases of 
plants are the mosaic, the yellows, the ring-spot, the spotted-wilt, the leaf- 
savoying (crinkling), and the leaf-curl groups, the names indicating the 
general symptoms observed. It is of interest that the first virus to be 
highly purified and crystallized was the virus of tobacco mosaic, which 
was also the first virus to be connected with a disease. The literature 
on the fungus, bacterial, and virus diseases of plants is almost as vo- 
luminous as that on the infectious diseases of man, and advances in one 
field have frequently contributed to advances in the other. 

Control of Diseases of Plants. In many instances fungus diseases of 
plants can be controlled to a considerable extent by the use of appropriate 
sprays, copper solutions frequently being employed. Sprays in general 
have little value against bacterial diseases of plants. One of the best 
methods of control is complete destruction of all infected plants or parts 
of plants. Care must be exercised, for example, in pruning diseased parts 
from trees to see that the pruning implements do not become infected 
and transmit the bacteria to healthy parts of the tree. In some in- 
stances the spread of pathogens can be greatly reduced by disinfection 
of the seeds, black rot of cabbage, caused by X. campestris, being greatly 
reduced when the seeds are heated to 122°F. Once land becomes in- 
fected, it is generally advisable to shift to other crops, since disinfection 
of soil on a large scale is impracticable. Crop rotation, proper cultiva- 
tion and fertilization, careful disposal of wastes, and the use of resistant 
strains or seed from vigorous races of plants are practices that aid mark- 
edly in the control of plant diseases. It might be mentioned that bal- 
ances tend to be established in nature, and when we interfere with these 
balances, shifts sometimes occur that are detrimental to us. For ex- 
ample, orange groves were sprayed with a fungicide to control a fungal 
disease of the leaves and fruit. This was successful, but it also killed a 
fungus parasitic upon scale insects. These insects multiplied to a much 
greater extent than normal and did considerable damage to the orchards. 
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APPENDIX 


Condensed description of the organisms classified as Eubacteriineae in 
the sixth edition of “Bergey’s Manual of Determinative Bacteriology” 
(The Williams & Wilkins Company, Baltimore, 1948). 

The classification of bacteria is in a state of flux. The classification 
and nomenclature employed in this text is that presented in the sixth 
edition of Bergey’s Manual. The following description and classifica- 
tion of the members of the Eubacteriineae illustrates the principles in- 
volved, and is presented for reference purposes (see Chap. 6 for further 
discussion and for details of the proposed reclassification). 

Nitrobacteriaceae. These are the bacteria capable of growing in an 
inorganic medium with carbon dioxide as the sole source of carbon. 
They obtain their energy from the oxidation of inorganic compounds, 
the energy source being quite specific for each species or genus. With 
minor exceptions they are gram-negative rods found in the soil and in 
water. These bacteria are of extreme importance in the economy of 
nature, many of them converting inorganic matter into compounds more 
readily utilized by plant life in general. The Nitrobacteriaceae is sub- 


divided as follows: 


Tribe Genus Major characteristics 
MIMERIIACUOETICAG clasts Sade en an tos Oxidize ammonia to nitrite 
Nitrosomonas...... Ellipsoidal cells 
Nitrosococcus...... Spherical cells 
Nitrosospira ....... Spiral cells 
Nitrosocystts....... Cell masses surrounded by a common 
membrane 
Nitrosogloea....... Cells embedded in slime 


Oxidize nitrite to nitrate 


Nitrobacter ........ Free rods 

Nitrocystis......... Cells embedded in slime 
Hydrogenomonadeae Ad 

Hydrogenomonas... Oxidize hydrogen gas 
Thiobacilleae _ 

Thiobacillus ......-. Oxidize sulfur, thiosulfate, sulfide, or 


similar sulfur compounds 


Pseudomonadaceae. This family consists of elongate, gram-negative 
rods (either straight or curved) usually motile by means of polar flagella. 
For the most part they grow well and rapidly on simple organic media, 
preferably under aerobic conditions. The family contains colorless and 
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pigmented species, most of which are saprophytes, but a few are parasitic 
upon plants or animals, The Pseudomonadaceae is divided as follows: 


Tribe Genus Major characteristics 
Pseudomonadese.. 2; 7. Seden see e nes Straight rods 

Pseudomonas...... Bluish- or yellowish-green, water-soluble 
pigment 

Xanthomonas ..... Yellow, water-insoluble pigment. Mostly 
plant pathogens 

Methanomonas.... Oxidize methane 

Acetobacter....... Oxidize ethyl alcohol to acetic acid 

Protaminobacter... Oxidize protamines 

Mycoplana........ Branching cells. Oxidize benzene deriva- 
tives such as phenol 

Spirilledean cs aera neh aeaeare More or less curved cells, vibrio type has 

single, polar flagellum 

VtDi0s coe a oto Short, slightly curved rods 

Desulfovibrio ..... Slightly curved rods. Strict anaerobes, re- 
ducing sulfate to sulfide 

Cellvibrio......... Long, slightly curved rods with rounded 
ends. Oxidize cellulose 

Cellfalcicula....... Short, curved rods with pointed ends. Oxi- 
dize cellulose 

TTAOSDITG:.. 0.0 oe. we Spirilta oxidizing inorganic sulfur com- 
pounds. Intracellular sulfur granules 

Spuillum oo... ee. Spirilla other than Thiospira 


Azotobacteriaceae. This family is composed of relatively large rods 
or cocci, often yeast-like in shape, which are highly pleomorphic. The 
cells are obligate aerobes primarily characterized by their ability to 
utilize nitrogen gas as the sole source of nitrogen, nitrogen fixation 
occurring independently of other forms of life. There is but one genus, 
Azotobacter. 

Rhizobiaceae. This family is composed of sparsely flagellated, gram- 
negative rods which utilize sugars with little or no acid formation. It 
is a rather heterogenous family in that one genus is characterized by its 
ability to fix nitrogen in symbiosis with legumes, another by the produc- 
tion of violet pigment. A number of the species are pathogenic upon 
plants, giving rise to the formation of abnormal growths. The family 
Rhizobiaceae is divided as follows: 


Genus Major characteristics 
Rhwsobwwn 015 aso ee Cells capable of fixing free nitrogen symbiotically with 
legumes 
Agrobacterium............ Plant pathogens or saprophytes, nonpigmented 
Chromobacterium ........ Primarily saprophytes which form a violet pigment 


Micrococcaceae. This family is composed of heterotrophic, generally 
gram-positive cocci which show little or no tendency to form chains. 
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At least one species forms endospores, and a few species are motile. 


There are both saprophytic and pathogenic species in the family Micro- 
eoecaceae, which is divided as follows: 


Genus Major characteristics 
Micrococcus ......... Cells generally in irregular groups and frequently pigmented, 
yellow to red 
SO eee Tetrad arrangement of cells, white to yellow pigment 
NN a 2.3 15, Cubical or regular packet arrangement of cells, often yellow 


to orange pigment 


Neisseriaceae. This family is composed of gram-negative, parasitic 
cocci which occur in pairs or masses. These bacteria are rather exacting 
in their nutritional requirements, growth generally being sparse on 
ordinary media. The family Neisseriaceae is divided into two genera 
as follows: 


Genus Major characteristics 
WV CISSETICN. Oo cen dais Cells tend to occur in pairs with adjacent sides flattened. 
Limited biochemical activity 
Veslonella. 3 6.5.96... : Smaller cells but more active biochemically than the Neis- 


seria. Generally occur in masses 


Lactobacteriaceae. This family is composed of both gram-positive 
rods and chain-forming cocci which tend to grow most readily under 
anaerobic conditions, fermenting sugars with the production of consid- 
erable quantities of lactic acid. It contains both saprophytic and para- 
sitic species which are rather widely distributed in nature. The Lacto- 
bacteriaceae is divided into two tribes and seven genera as follows: 


Tribe Genus Major charactertstics 
PS UIDODOCERE iia 5c 2 ens one esas Chain-forming, highly fermentative cocci 
Diplococcus......... Cells usually in pairs, aerobic species soluble 
in bile 
Streptococcus ....... Cells usually in chains, not soluble in bile 
Leuconostoc ........ Spherical to pointed cells differing from above 


genera in that both acid and gas are pro- 
duced during fermentation 


ee RS SE ee ns enn ee Nonmotile rods, often long and slender 
Lactobacillus ........ Lactic acid always produced, catalase absent 
Microbacterum..... Catalase positive, lactic-acid formers 


Propionibacterium .. Fermentation products are propionic and 
acetic acids, and carbon dioxide 

Butyribacterium .... Fermentation products are butyric and acetic 
acids, and carbon dioxide 


Corynebacteriaceae. This family is composed of gram-positive, 
frequently banded or beaded rods showing considerable diversity of 
form. Most species are parasites on animals, a few being parasitic on 
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plants. Many of these organisms were formerly classified with the 
mycobacteria under the Actinomycetales rather than as at present in 
the Eubacteriales. Three genera are recognized as follows: 


Genus Major characteristics 
Corynebacterium ...... Rods which are variable in form and staining properties 
TAsteriack Soares Flagellated rods causing a monocytosis in warm-blooded 
animals 
Erysipelothriz......... Cells which tend to be filamentous and are pathogenic in 


warm-blooded animals 


Achromobacteriaceae. This family is composed of gram-negative 
rods which are usually uniform in shape. They differ from the following 
family, the Enterobacteriaceae, in that they are much less active meta- 
bolically, fermenting carbohydrates feebly or not at all. They are for 
the most part saprophytic forms. Three genera are recognized as 
follows: 


Genus Major characteristics 
Alcaligenes............ Does not ferment carbohydrates 
Achromobacter ........ Nonchromogenic cells which usually ferment glucose with 
acid production 
Flavobactertum........ Yellow to orange pigmented species which usually ferment 


glucose with acid production 


Enterobacteriaceae. This is one of the largest families of the Eubac- 
teriineae and is composed of gram-negative rods which ferment glucose 
with the production of acid or of acid and gas. Most species grow 
readily on simple culture media. They tend to be parasitic upon plants 
or animals or to be associated with decomposing plant materials. Five 
tribes and eight genera are recognized as follows: 


Tribe Genus Major characteristics 
Macherichedseé «. 3. ..O eeu. cn ees es Ferment glucose and lactose with the formation of 
acid and gas 
Escherichia .... Produce considerable amounts of acids from glucose 
but no acetylmethylearbinol 
Aerobacter..... Produces acetylmethylearbinol, acid production not 
as great as above 
Klebsiella...... Biochemically more variable than above genera 
Hirwinee ack.0) eer ee Primarily plant pathogens 
Erwinu........ Somewhat more dependent on preformed organic 
nitrogenous matter than the Eschericheae 
Berratene Ph Avosx tas en eer ees Saprophytic, red pigmented rods 
; Serratia........ Metabolically similar to Eschericheae 
PROGR. C32 S0s. dna can Cede Ferment glucose but not lactose with the formation 


of acid and usually gas, and urea is decomposed 
Proteus........ Colonies tend to spread on moist agar 
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Tribe Genus Major characteristics 
Salmonelleae.................. Lactose rarely fermented and urea not decomposed 
Salmonella..... Most species are motile, and the majority ferment 
glucose with acid and gas production 
Shigella........ Nonmotile and ferment glucose with acid but no gas 
production 


Parvobacteriaceae. This family, as the name implies, is composed of 
relatively small bacteria. The members are motile or nonmotile, gram- 
negative rods which in general grow most readily in media enriched with 
body fluids and are not active fermenters, producing acid without gas. 
The various species are parasitic on man and other animals. Four 
tribes and ten genera are recognized as follows: 


Tribe Genus Major characteristics 


Most Species Can Grow on Plain Agar 


PE PREOUIMONCRE fio sais cleiFed 8 Sire hs Fermentative, bipolar-staining rods 
Pasteurella ........ Milk not coagulated 
Malleomyces....... Milk slowly coagulated 
Actinobacillus...... Milk generally unchanged 

EU RE Oe «a ee ee Nonfermentative rods 

: IBFUCELLE:, move <4 oa + Parasitic for a number of animals and man 

SOMES OUNORGS oy Se ree via nip Coss os Anaerobic 
Bacteroides........ Cells have rounded ends 
Fusobacterum..... Cells have pointed ends 


Most Species Require Blood or Other Vitamin-containing Supplements 
to Plain Agar for Growth 


RIENCE OE Fh. ooo vic oes sino eh viele On first isolation growth is promoted by the 
addition of blood 
Hemophilus........ Nonmotile cells occurring singly 
Morazella ......... Nonmotile diplobacilli 
Noguchia........«. Motile, encapsulated cells 
DOUBLET «3 ooze Nonmotile, anaerobic organisms 


Bacteriaceae. A considerable number of bacteria with the main 
characteristics of the Eubacteriineae do not fit into any of the 11 families 
mentioned in the preceding discussion. These are all rod-shaped, asporog- 
enous cells which may or may not be motile and whose metabolism 
appears to be rather complex. In many instances they have not been 
studied thoroughly. They are all grouped together in one genus, 
Bacterium, in the family Bacteriaceae. Possibly this family is best 
described as the wastebasket or catchall for species which do not appear 
to fit into any of the 12 other families. Other genera have been proposed 
to include bacteria related to each other by one or more characteristics, 
and these names or subgenera are scattered through the Bergey classi- 


fication in appendixes as follows: 
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Achromobacter and Flavobacterium.. Gram-positive, motile bacteria formerly 
classed in Achromobacteriaceae 
Small, gram-negative rods capable of ferment- 


CelhimMonas aicnk se Hho sae eee oes 
ing cellulose 
Saccharobactertum .......--(ss00-008- Variable, gram-negative rods capable of util- 
izing complex polysaccharides for growth 
Agarbadtértin. i: ck 2G os eee Gram-negative, agar-digesting bacteria 
Methanobacterium............+.+-+- Anaerobic, usually gram-negative rods capable 


of reducing carbon dioxide to methane 


Classification of this heterogenous collection of species is extremely 
difficult, and the family Bacteriaceae should be regarded simply as a 
makeshift arrangement to provide a place for listing those ‘organisms 
which so far do not fit into the present scheme. 

Bacillaceae. This family contains the rod-shaped bacteria capable of 
producing endospores. Both physiological and morphological character- 
istics (in particular shape and location of spore in sporangium and bulg- 
ing of the latter) are employed in the establishment of species. The 
majority of the bacteria in this family are gram-positive, saprophytic 
cells commonly found in the soil. The family Bacillaceae is divided into 
two genera as follows: 


Genus Major characteristics 
Bacillus ate oa hee Aerobic, catalase producers 
Clostridntni eeu cess en Anaerobic or microaerophilic, 


catalase negative 


PRACTICAL USE OF THE BERGEY SYSTEM 


The various genera and families of the Eubacteriineae have been pre- 
sented in the preceding pages in outline form. Let us now consider that 
a bacterium has been isolated in pure culture from fresh sewage and that 
we wish to identify it. Assume that its general characteristics are those 
of the Eubacteriineae and that its morphology, staining properties, growth 
requirements, and biochemical reactions have been determined in the 
laboratory. It is a short, colorless rod approximately 0.5 by 2.0 », gram- 
negative, motile (apparently by means of peritrichous flagella), does not 
form endospores, and will grow in a medium devoid of organic nitroge- 
nous matter, but it does require at least one organic compound as a source 
of carbon. It is a facultative aerobe and ferments a considerable number 
of sugars with the production of acid and gas. First of all, to what family 
does it belong? 

Since it requires at least one organic compound for growth, Nitrobac- 
teriaceae is ruled out. Absence of spore formation eliminates the Bacil- 
laceae. Type of flagellation and general morphology eliminate families 
II and III. The production of acid and gas from carbohydrates elimi- 


APPENDIX 541 


nates the Rhizobiaceae and the Achromobacteriaceae, the rod shape the 
Micrococeaceae and Neisseriaceae, and gram negativity the Lactobac- 
teriaceae and Corynebacteriaceae. The organism is more active fermen- 
tatively than the Parvobacteriaceae, and the various observations taken 
together suggest that it is a species of Enterobacteriaceae. 

The organism ferments lactose with the production of acid and gas, 
thus practically eliminating the tribes Proteae and Salmonelleae. Fail- 
ure to produce pigment tends to rule out the Serrateae, and the search 
for the identification of the species narrows to the possibility of the or- 
ganism being a member of the tribes Eschericheae or Erwineae. The 
tribe Erwineae is not a serious contender for the organism, which was 
isolated from sewage, but plant pathogens do gain entrance to such an 
environment and must be considered. The source, however, is suggestive 
of Eschericheae, and an attempt can be made to determine whether or 
not the unknown organism is a member of this tribe. 

The genus Klebsiella can be eliminated because the unknown is motile, 
and there was no evidence that a capsule was produced. This narrows 
the identification to the genera Aerobacter and Escherichia. Differential 
tests for these genera can then be carried out. On finding that the or- 
ganisms produced sufficient acid in glucose broth to develop the acidic 
color of the indicator methyl red and that acetylmethylearbinol was not 
produced, the unknown could be assigned to the genus Escherichia. Ad- 
ditional differential tests could then be carried out for the determination 
of the species according to the criteria for differentiation as listed in 
Bergey’s Manual. Identification is not always as easy as this example 
indicates, but the example does suggest that the system is of considerable 
value as an aid in the determination of the identity of an unknown organ- 
ism. For this reason alone, the system is extremely valuable, and further- 
more it is an attempt to develop possible relationships between the various 
groups of bacteria. Further studies will aid in untangling phylogenetic 
and other biological relationships between the bacteria. 
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Acetobacter, 126 
industrial applications, 419 
partial oxidation by, 216 
Acetone production, 221, 420 
Acetyl phosphate, 171 
Achromotiaceae, 134 
Acidic dye, 38 
Actinomycetaceae, 132 
Actinomycetales, 131 
Actinomyces, parasitic species, 132 
Actinomycosis, 133 
Actinoplanaceae, 133 
Activation of molecules, 186 
Active immunization, 440 
Acute respiratory-disease viruses, 503 
Adaptation, population, 335 
Adaptive enzymes, 319 
theories on, 321 
Adenosine phosphates, 170 
structure, 171 
Aerobes, 22, 170 
Aerogenes type of fermentation, 226 
Agar use, 248 
Agglutination reaction, 455 
Agglutination tests, applications, 456 
cross reactions in, 455 
Agriculture, role of microbes in, 353 


Agrobacterium tumefaciens, photograph, 


531 
Air, bacteriology, 380 
Air-borne microorganisms, control, 384 
Albus, 316 
Alcohol production, 406 


Alcoholic fermentation, by bacteria, 218 


early studies, 184 
satirical description, 183 
by yeast, 198 

Alexin, 438 

Algae, 78, 88 
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Allergy, 442 
of infection, 444 
Amination, 194 
Amino acids, dissimilation, influence of 
pH on, 234 
nature, 37 
types of fermentation, 229 
p-Aminobenzoie acid, 191 
Ammonia oxidation, 125, 208 
Ammonification, 349 
Amoeba, 82 
activity, 426 
Amphitrichous bacteria, 67 
Ampholytes, 37 
Amphoteriec compounds, 36 
Anabolism, 163 
Anaerobes, 22, 170, 172 
Anaerobic life, 172 
Anaphylaxis, 443 
Animals, diseases of, 523 
diseases spread by, 514 
Antagonism, 275 
Anthrax, 505, 515 
of animals, 524 
early studies, 423 
Antibiosis, 275 
Antibiotics, 277, 311 
in animal feeds, 418 
antimicrobial activity, chart, 313 
methods of determining sensitivity to, 
313 
production, 415, 417 
Antibodies, 440, 446 
Antibody adsorption, 456 
Antigen-antibody reactions, applications, 
453 
nature, 448 
types, 451 
Antigenic structure, complexity, 447 
of Salmonelleae, 472 
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Bacillus subtilis, photograph, 50 


Antigens, 446 
Bacteria, age of, 316 


cell-body, 448 
H, 473 
O, 448 
somatic, 448 
specificity, 447 
surface, 448 
Antiseptic, 281 
Antiseptic surgery, 282 
Antisera, increasing specificity, 455 
Apoenzyme, 187 
Appert, 282, 404 
Archangiaceae, 135 
Arthrospores, 95 
Ascomycetes, 93 
Ascospores, 99 
of yeast, 110 
Ascus, 99 
Asiatic cholera, 490 
Aspergillus, general nature, 101 
Aspergillus niger, 102 
photograph, 97 
Assimilation, 163, 202 
Athiorhodaceae, 124 
Atopy, 442 
Atrichous bacteria, 67 
Autoantagonism, 278 
Autoclave, 299 
Autotrophic bacteria, discovery, 208 
Autotrophic nutrition, 176 
Autotrophs, 78 
chemosynthetic, 206, 208 
general nature, 210 
Avery, 325 
Azotobacter, metabolic activity, 216 
trace element requirements, 319 


Bacillus anthracis, and anthrax, 515 
immunization against, 437 
nuclear structure, 17 

Bacillus brevis, 216 
cell-wall stain, 59 
cross section, 55 
spore formation in, 72 
spore stain, 46 


Bacillus megaterium, cell-wall stain, 16 
Bacillus mycoides, forespore formation 


and nucleus in, 70 
micrograph, 54 
nuclear and granular bodies in, 71 


Bergey system and identification, 540 
biochemical activities, 179 
budding species, 130 
characteristics, and gram reaction, 42 
chemical composition, 57 
classification, 119, 121, 535 
comparison of optical and electron 
microscope pictures, 31 
cultures, 21, 23, 24 
cytology, general, 52 
dead, 283 
death, 280, 288 
definition, 12 
discovery, 2 
division, 15 
electrical charge, 40 
ensheathed, 127 
enumeration, in air, 381 
in milk, 392 
in water, 347 
fermentation characteristics, 23 
filtrable forms, 138 
first illustration, 4 
growing point, 56 
growth, influence of temperature on, 
268 
mathematical expressions for, 264 
growth requirements, 236 
identification, 540 
identification tests for, 164 
influence of concentration of chemicals 
on, 286 
invasiveness, 427 
metabolic groups, 205 
methods, for isolation, 245 
for observation, 26 
for study, 17 
motility, 35 
multiplication, 253 
nature, 116 
nuclear structures in, 64, 65 
numbers, determination, 253 
nutritional requirements, 174 
nutritional types, 175 
observation, 26 
observation of nuclei in, 16 
pathogenic, for animals, 523 
for man, key to, 483 
for plants, 529 
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Bacteria, sexual reproduction, 74 
size, 13 
staining, 34 
stalked, 126, 357 
illustration, 127 
structure (see Structure of bacteria) 
toxicity, 429 
(See also specific types of bacteria) 
Bacterial cell, schematic representation, 
53 
Bacterial counting chamber, 254 
Bacterial fermentations, industrial, 417 
types, 207 
Bacterial flora, influence of environment 
on, 244 
Bacterial metabolism, 162 
products as identification aids, 180 
Bacterial nucleus, 62 
Bacterial viruses (see Bacteriophage) 
Bactericide, 281 
Bacteriophage, 150 
genetics, 154 
isolation, 151 
lytic activity, demonstration, 153 
micrograph, of anti-Pseudomonas, 151 
of T2, 152 
nature, 150 
quantitative determination, 153 
as transducing agent, 326 
Bacteriophagy, nature of, 155 
Bacteriology, of air, 380 
of soil, 339 
of water, 356 
Bacteriolysis, 438 
Bacteriostasis, 286 
Baker’s yeast, 410 
Barker, 110, 361 
Bartholomew, 43 
Bartonellaceae, 142 
Basic dye, 38 
Basidiomycetes, 93, 100 
Basidiospores, 100 
Beadle, 66, 329 
Beer production, 408 
Beggiatoa, oxidation of sulfur by, 209 
Beggiatoa alba, 133 
Beggiatoaceae, 134 
Beggiatoales, 133 
Behring, 437 
portrait, 498 
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Beijerinck, 145, 182, 344 
portrait, 146 
Beneficial association, 275 
Bergey, 118 
“Bergey’s Manual of Determinative Bac- 
teriology,” 118 
Berkeley, 532 
Berthelot, 343 
Berzelius, 184 
Biochemical activities of bacteria, 179 
Biochemical mutants, 330 
Biochemical oxygen demand, 358 
Biological aspects, of infectious disease, 
425 
of nitrogen fixation, 345 
Biological oxidations, 169 
flow sheet for, 199 
Bisset, 53, 56, 64, 74, 497 
Black Death, 505 
Blackleg, 525 
Blastocaulis, 130 
Blastospores, 96 
Blights, plant, 530 
Blood groups, 457 
Blue-green algae, 91 
Bordet, 438 
Borrelha, 136 
Borrelomycetaceae, 144 
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fungal, 94 
Sporozoa, 85 
Stacey, 43 
Staining mechanisms, 39 
Staining methods, 33 
Stains, acid-fast, 44 
capsule, 49 
cell-wall, 48 
flagella, 48 
granule, 45 
gram, 41 
negative, 34 
spore, 45 


Stalked bacteria, illustration, 357 


Stanley, 146 


AURORE = a poisoning, 488 


Staphylococcaldinfection, development, 
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Staphylococci, 19 
Starch hydrolysis, 188 
Stelling-Decker, 113 
Stephenson, 221 
Sterigmata, 102 
Sterilization, 280 
Stickland reaction, 232 
Stille, 63 
Streak plates, 246 
photograph, 21 
Streptobacilli, 19 
Streptobacillus moniliformis, 138 
Streptococci, 19 
photographic record of growth, 257 
smooth and rough forms, 75 
species, 493 
Streptococcus pyogenes, infections pro- 
duced by, 494 
Streptomyces, 133 
Streptomyces griseus, streptomycin pro- 
duction by, 417 
Streptomycetaceae, 132 
Streptomycin, action, illustration, 312 
production, 417 
Structure of bacteria, 52 
capsule, 60 
cell-wall, 58 
chemical, 57 
cytoplasm, 55 
cytoplasmic membrane, 56 
flagella, 66 
nucleus, 62 
reserve materials, 58 
sheath, 60 
slime layer, 59 
spores, 69 
Suctoria, 87 
Sulfa drugs, 310 
Sulfanilamide, 191 
early observations, 309 
Sulfate reduction, 228 
Sulfur bacteria, discovery, 133 
Sulfur cycle, 352 
Sulfur oxidation, 126, 209 
Summer minor illnesses, 504 
Swine influenza, 536 
Swiss cheese, 390 
Symbiosis, 275 
Synergism, 277 
Synthesis and dissimilation, 203 


Synthetic media, 242 
Syphilis, 511 


Tartaric acid, forms, 10 
Tatum, 74, 329, 333 
Taxonomic groups, 81 
Teeth, infections, 492 
Temperate phages, 155 
Temperature requirements for grow 
268 
Tetanus, 508 
Tetracycline antibiotics, 418 
Tetrads, 19 
Thallophyta, 89, 120 
Theiler, 519 
Thenard, 183 
Thermal death point, 405 
Thermal death time, 405 
Thermoactinomycetes, 133 
Thermophilic bacteria, 269 
Thiobacilli, 126 
Thiobacillus denitrificans, reduction of | 
trates by, 211 
Thiobacillus thiooxidans, oxidation of s1 
fur by, 211 
Thiobacteriaceae, 126 
Thiorhodaceae, 124 
Thomas, 309 
Throat infections, 493 
Tincture of iodine, 305 
Tissue-culture methods, 249 
Tobacco mosaic virus, 156 
crystallization, 146 
Tomsick, 61 
Toxicity of bacteria, 429 
Toxin neutralization, 454 
tests for, 463 
Toxins, tissue action, 428 
Toxothrix, 129 
Tsutsugamushi disease, 518 
Tubercle bacillus, discovery, 424 
Tuberculin test, 444 
Tuberculosis, 499 
of animals, 523 
Tularemia, 516 
Tumors, fowl, 528 
plant, 530 
Twort, 145, 242 
Tyndall, 9 
Tyndall phenomenon, 30 
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Typhoid carriers, 479 
Typhoid-dysentery type of fermentation, 
226 
Typhoid fever, 475 
“Typhoid Mary,” 479 
Typhus fever, 518 
historical aspects, 143 
louse-borne, 141 
vaccine against, 518 


Umbreit, 43 
Undulant fever, 491 
Unitarian hypothesis, 451 


Vaccines, development, 436 
Vaccinia virus, 146, 514 
egg cultivation, 157 
van Niel, 213 
Variation, 315 
colonial, 324 
during growth, 316 
in fungi, 329 
and natural selection, 322 
specific adaptive, 317 
types, 334 
Vascular diseases of plants, 530 
Velocity constant of growth, 267 
Venereal infections, 510 
Vesicle, 101 
Vi antigen, 476 
Vibrio comma, 128 
and cholera, 490 
Vibrios, 19 
Vibriosis of animals, 525 
Vinegar, 418 
Viral diseases, of animals, 525 
of plants, 532 
Virales (see Viruses) 
Viricide, 281 
Virtanen, 344 
Virulence, 427 
Virulent phages, 155 
Virus neutralization tests, 463 
Viruses, 144 
animal, 148, 157 
comparative sizes, 140, 147 
cultivation, 250 
definition, 145 
discovery, 145 
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Viruses, properties, 149 
summary of nature, 160 
(See also individual viruses) 

Vital stain, 34 

Vitamins (see Growth factors) 

Vitreoscillaceae, 134 

Voges-Proskauer test, 226 

Volutin, 46 

von Dusch, 7 

von Nageli, 315 


Wakker, 528 
Walker, 292 
Warburg-Dickens pathway, 196 
Wassermann test, 460 
Water, atmospheric, 357 
bacteriology, 356 
flora, 356 
ground, 359 
nuisance bacteria in, 369 
purification, 369 
stored, 359 
surface, 357 
Water analysis, principles, 248 
tests in, 366, 367 
Water-borne diseases, 363 
Water examination, standard methods 
365 
Water supplies, bacteriology, 363 
examination, chemical, 363 
sanitary, 363 
Weigert, 36 
Werkman, 224 
Wheat stem rust, 530 
Whooping cough, 501 
Widal, 439, 453 
Widal test, 453 
Wildier, 242 
Wilfarth, 343 
Wilson, 344 
Wilts of plants, 530 
Winge, 111, 329 
Winogradsky, 133, 182, 209, 349 
Winslow, 260 
Wood, 224 
Woods, 310 
Wright, 439 


Yt 


Xanthomonas, 126 
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Yeasts, 109, 412 Yellow fever, 519 
baker’s, 410 Yellow fever virus, 519 
chemical activities, 168 
classifications, 113 


fermentation by, 10 Ziehl-Neelsen stain, 44 
growth, photographie record, 256 Zinder, 326 
multiplication, 110 Zinsser, 142 
sexual reproduction, 110 Zoogloea, 61 
structure, 110 Zoomastigina, 84 
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